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ABSTRACT  
 
Due to their excellent piezoelectric and ferroelectric properties lead oxide based ceramics, 
generally represented by lead zirconate titanate [PbZrxTi1-xO3]/ (PZT), are the most widely 
used materials for piezoelectric actuators, sensors and transducers applications. 
Considering lead toxicity, there is an urgent need to develop effective lead-free 
ferroelectric systems, which are biocompatible and environmental friendly in nature. 
Several classes of materials are now being reconsidered as potentially attractive 
alternatives to PZT based systems. The solid solution of potassium niobate and sodium 
niobate, (1-x)KNbO3–xNaNbO3, was found to exhibit better piezoelectric properties 
around the MPB at x~0.5, which separates two orthorhombic ferroelectric phases. 
Therefore, K0.5Na0.5NbO3 (KNN) has been recognized as one of the most promising host 
materials for new lead-free piezoelectrics. However, the piezoelectric properties of KNN 
ceramics are not comparable to PZT ceramics. Moreover, the proper densification of KNN 
ceramics, synthesized by conventional process is very difficult. The presence of volatile 
alkali elements further makes the sintering of KNN ceramics difficult. In order to solve 
these problems researchers have tried to make solid solution of KNN system with other 
systems. LiSbO3 (LS) modification in KNN based ceramics improves the piezoelectric 
properties as well as the sintering behavior and makes them comparable to lead based 
systems. The enhanced piezoelectric and ferroelectric properties in KNN-LS ceramics are 
due to the presence of the orthorhombic to tetragonal (TO-T) polymorphic phase transition 
(PPT) temperature close to room temperature. The role of PPT in KNN-LS ceramics is 
similar to the MPB in PZT based systems. However, the MPB in PZT based systems is 
nearly independent of temperature and exists over a broad temperature range. Whereas in 
vi 
 
KNN-LS based system it is dependent on temperature and maximum properties are 
obtained when the PPT occurs close to RT. Hence, poling temperature will have strong 
effect on the piezoelectric properties of KNN-LS based ceramics.  
           In this work, lead-free (1-x)[K0.5Na0.5NbO3]-x[LiSbO3] (x=0, 0.04, 0.05 and 
0.06)/(KNN-LS) ceramics were prepared by conventional solid-state reaction (CSSR) 
route. For dense morphology, pure KNN ceramics were sintered at 1120
o
C for 4h, 
whereas in LS modified KNN ceramics dense morphology was obtained at 1080
o
C for 4h. 
The structural study at room temperature (RT) revealed the transformation of pure 
orthorhombic to tetragonal structure with the increase in LS content in (1-x)KNN-(x)LS 
ceramics. Temperature dependent dielectric study confirmed the increase of diffuse phase 
transition nature with the increase in LS content in KNN-LS ceramics. The presence of 
orthorhombic to tetragonal (TO-T) polymorphic phase transition temperature (PPT) ~43
o
C 
confirmed the existence of two ferroelectric (orthorhombic and tetragonal) phases in 
0.95KNN-0.05LS ceramics at RT. 0.95KNN-0.05LS ceramics showed better ferroelectric 
and piezoelectric properties i.e., remnant polarization (Pr) ~ 18.7 μC/cm
2
, coercive field 
(Ec) ~ 11.8 kV/cm, piezoelectric coefficient (d33) ~ 215 pC/N, planar mode coupling 
coefficient (kp) ~ 0.415 and remnant strain ~0.07% were obtained. These properties are  
still lower than the PZT based ceramics. In order to further improve the piezoelectric 
properties the effect of Ag, Ta and V doping in 0.95KNN-0.05LS system has been 
investigated in detail. It was found that the substitution of Ag
+
 ions in place of (K0.5Na0.5)
+
  
ions in 0.95[(K0.5Na0.5)(1-x)AgxNbO3]-0.05LiSbO3 / KNAN-LS system initially decreased 
the piezoelectric and ferroelectric properties but for x=0.06 improvement in the 
piezoelectric and ferroelectric properties were obtained in comparison to the 0.95KNN-
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0.05LS ceramics. The improved properties were discussed in terms of the structural 
changes occurred in the ceramics. Substitution of Ta
+5
 ions in place of Nb
+5
 ions in 
0.95[(K0.5Na0.5)Nb(1-x)TaxO3]-0.05LiSbO3/KNNT-LS ceramics increased the ferroelectric 
and piezoelectric properties without affecting the crystal structure of the ceramics. The 
KNNT-LS ceramics with x=0.02 exhibited maximum ferroelectric and piezoelectric 
properties. Moreover, the piezoelectric properties were found to be nearly independent of 
temperature up to ~ 200
o
C, which is a good characteristic requirement for the ceramic to 
be used in high temperature piezoelectric applications. In order to improve the sintering 
behavior of the ceramics, V
+5
 has been substituted on the Nb
+5
 site of the 
0.95[(K0.5Na0.5)Nb(1-x)VxO3]-0.05LiSbO3/KNNV-LS ceramics. The sintering temperature 
was drastically reduced with the increase in V
+5 
content, whereas the electrical properties 
also decreased significantly. Among all the V
+5
 doped ceramics, maximum piezoelectric 
and ferroelectric properties were obtained in case of KNNV-LS ceramics with x=0.06. 
             It is well known from the previous reports on different piezoelectric ceramics that 
microwave (MW) processing of ceramics could be an effective way to enhance the 
densification behavior as well the electrical properties. To further enhance the density 
and the electrical properties of 0.95[K0.5Na0.5NbO3]-0.05[LiSbO3], 
0.95[(K0.5Na0.5)0.94Ag0.06NbO3]-0.05LiSbO3, 0.95[(K0.5Na0.5)Nb0.98Ta0.02O3]-0.05LiSbO3 , 
0.95[(K0.5Na0.5)Nb0.94V0.06O3]-0.05LiSbO3 ceramics, these ceramics were synthesized by 
microwave processing technique. It was found that microwave processing of these 
ceramics not only saved the processing time but also improved the ferroelectric and 
piezoelectric properties in comparision to the conventionally processed ceramics. Among 
all the microwave processed ceramics, 0.95[(K0.5Na0.5)Nb0.98Ta0.02O3]-0.05LiSbO3 
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ceramic showed maximum ferroelectric and piezoelectric properties i.e., d33~ 257 pC/N, 
Pr ~ 30.48 μC/cm
2
, kp ~ 0.48 and remnant strain ~ 0.10%. 
The present work is reported in the following chapters: 
 
This work is reported in eight chapters. First chapter covers the fundamentals of 
piezoelectricity, ferroelectricity, and literature reviews on sodium potassium niobate         
(KNN) based ceramics along with the motivation and objectives of the present work. 
Chapter II describes about the detail of synthesis routes used and the investigated 
parameters. 
Chapter III describes about the methodology of sample preparation and 
characterization techniques used for studying structural, micro-structural, dielectric, 
ferroelectric, piezoelectric properties and strain induced by electric field behaviors. 
Chapter IV discusses about the structural, dielectric, ferroelectric and 
piezoelectric properties of (1-x)[K0.5Na0.5NbO3]-x[LiSbO3] ceramics. 
Chapter V discusses about the structural, microstructural and density studies of 
Ag, Ta and V modified 0.95KNN-0.05LS ceramics. 
Chapter VI discusses about the dielectric, ferroelectric & piezoelectric properties 
and strain induced by electric field behaviors of Ag, Ta and V modified 0.95KNN-
0.05LS ceramics. 
Chapter VII discusses about the synthesis & characterizations of modified KNN-LS 
compositions (synthesized by conventional process and showing better piezoelectric 
properties) namely: (i) 0.95[K0.5Na0.5NbO3]-0.05[LiSbO3]   
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(ii) 0.95[(K0.5Na0.5)0.94Ag0.06NbO3]-0.05LiSbO3 (iii) 0.95[(K0.5Na0.5)Nb0.98Ta0.02O3]-
0.05LiSbO3 (iv) 0.95[(K0.5Na0.5)Nb0.94V0.06O3]-0.05LiSbO3  synthesized by microwave 
process. 
Chapter VIII presents the conclusions of the present work and recommendations 
for future work in this field. 
This work has resulted in the following publications: 
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CHAPTER-1 
Introduction & Literature Survey 
1.1 Introduction  
A ceramic is an inorganic, nonmetallic solid prepared by heating and subsequent 
cooling. The word ceramic is derived from the Greek word “keramos” which means to 
burn. The earliest ceramics were pottery objects made from clay and hardened in fire. 
Ceramic materials may have a crystalline structure, with long range ordering on an 
atomic scale. Ceramics have traditionally been admired and used for their mechanical, 
thermal and chemical stability but their unique electrical and optical properties have 
become of increasing importance in many electronic applications. These materials are 
called as electroceramics and used primarily for its electrical properties. Historically, 
developments in various subclasses of electroceramics have paralleled the growth of new 
technologies. These examples include: piezoelectrics- sonar, radar, actuators and sensors; 
ferroelectrics- high dielectric constant capacitors, non-volatile memories; and 
pyroelectrics- IR detectors. Ferroelectric ceramics were discovered in the 1940's in 
polycrystalline barium titanate (BaTiO3) ceramics, since then, there has been a 
continuous succession of new materials and technology developments that have led to a 
significant number of industrial and commercial applications [1]. A huge leap in the 
research on ferroelectric materials came in the 1950's, leading to the widespread use of 
barium titanate (BaTiO3) based ceramics in capacitor applications and piezoelectric 
transducer devices. Since then, many other ferroelectric ceramics including lead titanate 
(PbTiO3), lead zirconate titanate (PZT), lead lanthanum zirconate titanate (PLZT), and 
relaxor ferroelectrics like lead magnesium niobate (PMN) have been developed and 
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utilized for a variety of applications. With the development of ceramic processing and 
thin film technology, many new applications have also emerged. The biggest use of 
ferroelectric ceramics have been in the areas such as dielectric ceramics for capacitor 
applications, ferroelectric thin films for non- volatile memories, piezoelectric materials 
for medical ultrasound imaging and actuators, and electro-optic materials for data storage 
and displays [2].  
 1.2 Symmetry of Materials 
Symmetry of the material, whether it is a crystal, a thin ﬁlm, a polycrystalline or 
an amorphous material, affects its physical properties. According to Neumann‟s 
principle, symmetry elements of all physical properties of a material must include all 
symmetry elements of the point group of that material. In other words, if a physical 
property is subjected to a symmetry element of the material, this property should not 
change its value [3]. It also follows from the Neumann‟s principle that some properties 
(such as dielectric permittivity, elastic compliance and electrostriction) are present in all 
materials and that other properties (such as piezoelectricity and pyroelectricity) can exist 
only in materials with certain symmetries. Moreover, the symmetry requirements may 
signiﬁcantly reduce the number of non-zero and independent elements of a property 
tensor. According to Neumann‟s principle, the symmetry of a crystal‟s internal structure 
is reflected in the symmetry of its external properties. The elements of symmetry that are 
utilized by crystallographers to define  symmetry about a point in space, e.g., the central 
point of a unit cell, are (1) a center of symmetry, (2) axes of rotation,  (3)  mirror  planes, 
and (4)  combinations of these [4]. All crystals can be divided into 32 different classes or 
point groups utilizing these symmetry elements, as shown in Fig. 1.1. These 32 point 
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groups are subdivisions of seven basic crystal systems that are, in order of ascending 
symmetry, tri-clinic, monoclinic, orthorhombic, tetragonal, rhombohedral (trigonal), 
hexagonal, and cubic. Out of these 32 point groups, 21 classes are noncentrosymmetric (a 
necessary condition for piezoelectricity to exist).  
 
 
 
 
 
 
 
 
                      
 
               Fig.1.1 Schematic representation of the classification of point groups. 
Out of these 21 noncentrosymmetric classes, 20 exhibit piezoelectric effect. One class, 
although lacking a center of symmetry, is not piezoelectric because of the presence of the 
other combined symmetry elements. A lack of a center of symmetry is all-important for 
the presence of piezoelectricity. When one considers that a homogeneous stress is 
centrosymmetric and cannot produce an unsymmetric result, such as a vector-quantity-
like polarization, unless the material lacks a center of symmetry, whereby a net 
movement of the positive and negative ions with respect to each other (as a result of the 
stress) produces electric dipoles, i.e., polarization. Therefore, only 20 classes of non-
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centrosymmetric crystals would exhibit piezoelectric effects. 10 of the piezoelectric point 
groups possess a unique polar axis and may exhibit, in the absence of an external electric 
ﬁeld, a spontaneous polarization vector, PS, and the pyroelectric effect along this unique 
axis. These 10 polar point groups are: 1, 2, m, 2mm, 4,4mm, 3, 3m, 6, and 6mm. There is 
a  subgroup  within  these  10  classes  that  possesses spontaneous polarization which is  
reversible by an electric field of some magnitude less than the dielectric breakdown of the 
material itself, are called ferroelectrics. These materials also exhibit pyroelectric and 
piezoelectric effect. 
                  Properties of a ceramic with random orientation of crystallites (or grains) are, 
for example, identical in all directions and may be described by introducing the symmetry 
axis of an inﬁnite order [5], whose symbol is ∞. A symmetry axis of order ∞ means that 
material may be rotated by any angle around such an axis without changing its properties. 
The rotation axis of an isotropic cylinder, for example, is a ∞ axis. The point groups 
which contain inﬁnity symmetry axes are called the limit groups of symmetry or Curie 
groups. There are seven Curie groups and all 32 crystallographic point groups are subsets 
of the Curie groups. Ceramic materials with a random orientation of grains possesses 
spherical symmetry, ∞∞m, which is centrosymmetric, and cannot exhibit a piezoelectric 
effect even if the symmetry of each grain belongs to one of the piezoelectric or polar 
point groups. If the ceramic is, however, ferroelectric, the spontaneous polarization 
direction in each grain may be reoriented by an external electric ﬁeld in the direction of 
the ﬁeld. Such a poled or polarized ceramic possesses symmetry of a cone, ∞m, and 
exhibits both piezoelectric and pyroelectric effects. The matrices of the elastic 
compliance, dielectric susceptibility, piezoelectric, electrostrictive and pyroelectric 
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coefﬁcients of poled ferroelectric polycrystalline materials with randomly oriented grains 
have the same nonzero matrix elements as crystals that belong to point group 6mm. 
1.3 Piezoelectricity 
Since the discovery of piezoelectricity in 1880 by Jacques and Pierre Curie, the 
piezoelectric effect has successfully found industrial and commercial applications 
including sonar, transducers, medical ultrasound, actuators, and micro-positioners [1]. It 
is also the basis of a number of scientific techniques with atomic scale motion, such as 
the scanning probe microscopies, as well as more mundane uses including gas ignitors, 
microphones, and ink jet printers. Piezoelectricity, a property possessed by a select group 
of materials, describes the effect of mechanical stress on the generation of electrical 
charge (direct) or a deformation due to the applied electric field (converse). This inter 
convertible behavior was first discovered by Pierre and Jacques Curie in 1880 in certain 
crystals, such as quartz, zinc blends, tourmaline, and Rochelle salt. The term 
piezoelectricity has been used by scientists since 1881 to distinguish the piezoelectric 
phenomena from electrostriction. The piezoelectric phenomenon occurs in both the 
ferroelectric and the non-ferroelectric states. 
The direct and converse piezoelectric effects can be described by the following equations 
[6]: 
                                         Di=dijkXjk (Direct effect)                            (1.1)  
                                         Sij=dkijEk (Converse effect)                        (1.2) 
where Xij is the stress applied to a piezoelectric material, and Di is the induced charge 
density, Ek is the electric field applied, and Sij is the strain developed in the piezoelectric 
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material, and dijk and dkij are piezoelectric coefficients with units of C/N and m/V, 
respectively. Both dijk and dkij are third-rank tensors, however, these piezoelectric 
coefficients for the direct and converse effects are thermodynamically identical. 
Equations 1.1 and 1.2 can be simplified and may be expressed in the reduced notation 
form [4]: 
                                             Di=dimXm                                           (1.3) 
                                             Sm=dmiEi                                             (1.4) 
Where values of i=1, 2, or 3 and values of m=1, 2, 3, 4, 5, or 6, which are directional values, 
because all of the properties in the above equations are directional properties [1]. The values of 
i and m indicates about the geometries under which the properties are measured. For example, 
d31 can be measured when the induced polarization is generated in direction 3 due to a stress 
applied in direction 1, or when the induced strain is in direction 3 due to an electric field 
applied in direction 1. Whereas, d33 can be measured when the induced polarization is 
generated in direction 3 (parallel to the direction in which the ceramic element is polarized) 
and the stress is also applied in the same direction, or the induced mechanical strain in 
direction 3 when the electric field is also imposed in the same direction. The situation for the 
d31 and d33 measurement are shown in Fig.1.2(a) and (b) respectively.  
 
 
 
                Fig. 1.2 (a) Directional axes for a plate, and (b) for a thin disc. 
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High piezoelectric coefficients are desirable in order to increase the charge or strain 
developed per force or electric field applied and will be applicable for sonar and 
transducer applications.   
1.4 Ferroelectricity 
The term ferroelectrics arose by analogy with ferromagnetics, mainly because 
they have similar characteristics: under electric fields for ferroelectric phenomena and 
under magnetic fields for ferromagnetic phenomena. The prefix ferro- derived from 
ferum, which means iron in Latin. The term is perfect for ferromagnetics, since all 
ferromagnetic phenomena are associated with the special type of spin arrangement of the 
iron atoms. But in ferroelectrics there are no iron atoms, so the prefix does not mean iron. 
Rather, it implies the similarity in characteristics to ferromagnetics. Like ferromagnetics, 
ferroelectrics exhibit a spontaneous electric polarization below the Curie temperature 
(Tc), a hysteresis loop, and an associated mechanical strain. However, ferroelectrics differ 
from ferromagnetics in their fundamental mechanisms and also in some of their 
applications. In a sense, ferroelectrics are the electrical analog of the ferromagnets, hence 
the name. The spontaneous polarization (Ps) is the so-called order parameter of the 
ferroelectric state. In Europe, ferroelectrics are sometimes called Seignette electrics. The 
names Seignette-electrics or Rochelle-electrics, which are also widely used, are derived 
from the name of the first substance found to have this property, Seignette salt or 
Rochelle salt. This term is somewhat misleading, because Seignette did not discover the 
ferroelectric phenomena. Instead, in 17
th
 century Rochelle, France, he discovered 
Rochelle salt (potassium-sodium tartrate–tetrahydrate, KNaC4H4O6–4 H2O), a colorless 
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crystalline compound with an orthorhombic structure. At that time, the material was used 
as a laxative. More than 200 years later, in 1921, Valasek discovered the ferroelectric 
phenomena in the same material [7,8]. Ferroelectrics were discovered much later than 
ferromagnetics. There are now more than 1,000 solid materials possessing ferroelectric 
properties.  
 
 
 
 
 
 
 
           
                    Fig. 1.3 polarization-electric field (P-E) hysteresis loop. 
 
Ferroelectrics are defined as materials that exhibit spontaneous polarization (Ps) and the 
direction of Ps can be switched between two or more equilibrium symmetry equivalent 
states by the application of an appropriate electric field less than the breakdown strength 
of the material [9]. A ferroelectric crystal generally has certain regions with uniform 
alignment of electric dipoles, and the spontaneous polarization in such regions may be 
different from one another [10]. Such regions with uniform polarization are called 
ferroelectric domains, which form to minimize the electrostatic energy of depolarizing 
fields and elastic energy associated with the mechanical constraints to which the 
ferroelectric material is subjected as it is cooled through the paraelectric-ferroelectric 
phase transition. Ferroelectric materials are characterized by the development of 
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hysteresis loop, which displays the variation of polarization (P) as a function of applied 
electric field (E). As shown in Fig. 1.3, when a relatively small electric field is first 
applied to a ferroelectric material, it behaves like a normal dielectric and displays a linear 
response between polarization and electric field. 
         (a) Dielectric                       (b) Polarization Switching        (c) Leakage Current 
 
 
 
 
 
 
Fig. 1.4 Components of a ferroelectric hysteresis loop: (a) Dielectric, (b) Polarization 
Switching and (c) Leakage current (schematic). 
 
However, as the field increases, domains begin to orient in the direction of the applied 
field, which results in a rapid increase in the polarization until all the domains are 
aligned. When the external electric field is reversed, some polarization returns to the 
original state, however, a large component remains in the direction of the previously 
applied field, exhibiting a remnant polarization (Pr) at zero electric field. As the field is 
reversed, the polarization can be completely reversed back to zero. The field at which it 
occurs is called as the coercive field (Ec). The polarization can be saturated once again in 
the opposite direction by increasing the field in the reverse direction. The loop can be 
completed by then switching the direction of the applied field. The electric polarization 
obtained from ferroelectric materials may be due to the result of three major 
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contributions: (1) a dielectric contribution, (2) a polarization (domain) switching 
contribution, and/or (3) a leakage current contribution. Fig. 1.4 shows the respective P-E 
hysteresis loops that are produced as a result of each contribution. The dielectric 
contribution produces a polarization that is directly proportional to the external electric 
field, resulting in a linear relationship (Fig. 1.4(a)), the polarization switching 
contribution exhibits a rectangular loop (Fig. 1.4(b)), and the leakage contribution 
displays an ellipse like loop (Fig. 1.4(c)). Since each of these contributions exhibits 
different P-E hysteresis loops, hence, the shape of the loop for different materials will 
vary with the amount and type of contributions present in the material.  
1.5 Phase Transition 
The spontaneous polarization of ferroelectric materials is exhibited over a certain 
temperature range specific to each material. Within this temperature range the material 
undergoes various structural phase transitions. The temperature at which the material 
changes from a ferroelectric, polar and non-centrosymmetric phase to a paraelectric, 
nonpolar and centrosymmetric phase, is called the Curie temperature (TC). Since, the  
material is centrosymmetric and non-polar above the TC, there are no possible 
polarization states available and the material doesn‟t exhibit spontaneous polarization or 
the ferroelectric effect, which is shown in Fig.1.5 (c). Below TC, the structure becomes 
distorted, the symmetry of the paraelectric structure breaks and multiple polarization 
states becomes available and the ferroelectric phenomenon starts appearing in the 
material. Near the Curie point or phase transition temperature, thermodynamic properties 
including dielectric, elastic, optical, and thermal constants show an anomalous behavior, 
shown in Fig. 1.5 (d).  
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Fig. 1.5 Free energy (G) as a function of polarization (P) at various temperatures 
(T): (a) T<TC, (b) T=TC, and (c) T>TC.   
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig.1.5 (d) Typical variation of dielectric permittivity (εr) as a function of 
temperature for a normal ferroelectric [11]. 
 
The temperature dependence of the dielectric constant (εr) above the Curie point (T>TC) 
in most of the ferroelectric crystals is governed by the Curie-Weiss law: 
oTT
C

 0                                 (1.5) 
where, ε is the permittivity of the material, ε0 is the permittivity of the vacuum, C is the 
Curie constant and T0 is the Curie-Weiss temperature. In the case of polar dielectric 
ceramics the value of ε, Ps and other properties are very sensitive to dopants, defects in 
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the crystal, porosity, grain size, sintering time and sintering temperature etc. In general 
the Curie-Weiss temperature T0, is different from the Curie temperature TC. For first 
order transitions, T0<TC while for second order phase transitions, T0=TC. Some 
ferroelectric materials also show diffuse phase transition behavior. An additional subset 
of the ferroelectric phase transition called diffuse phase transition, which arises due to the 
compositional fluctuation in the material. 
1.6 Lead & Lead Free Piezoelectric Ceramics 
Among the perovskite ferroelectric materials, lead-containing compounds such as 
(Pb0.52Zr0.48)TiO3 (PZT) and Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN-PT), occupy the majority 
of the commercial piezoelectric market because of their excellent piezoelectric and 
ferroelectric properties arising from the peculiar crystal chemistry of Pb
+2
 ion. The 
stereochemically active 6S
2
 lone pair in Pb
2+
 ion and strong structural distortion by Pb
2+
 
ion displacement in these materials makes it possible to create highly polarizable and 
electrically active materials [12, 13].  
 
 
   
 
 
 
 
 
 
                                 Fig. 1.6 Phase diagram of lead zirconate titanate [14]. 
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The superior properties in these systems are obtained because of the presence of a 
morphotropic phase boundary (MPB) between rhombohedral, tetragonal or monoclinic 
phases [14]. The morphotropic phase boundary of PZT ceramics is almost vertical in the 
phase diagram, as shown in Fig. 1.6, which maintains the excellent piezoelectric 
properties across a wide temperature range. These lead-based piezoelectric materials, 
despite possessing excellent electromechanical properties contain a large amount of lead 
(> 60 wt. %) which is a toxic element. Processing of these materials is normally carried 
out by exposing the lead (Pb) into the open environment. There are extensive 
environmental issues with restoring and recycling of the lead-based materials, since lead 
maintains for a long time in the environment and accumulates in living tissues, damages 
the brain and nervous system. On the other hand, improper disposing of lead, such as 
disposing to open environment, could introduce it to the ecosystem and cause “acid rain”. 
In fact, concerns about these issues have led to establish the legislation on restriction of 
the hazardous materials (ROHS) and end of life vehicle (EOV) by European Union (EU) 
[15]. Therefore, since June 2006, any products introduced to the open market may not 
include more than 0.1 wt.% of Pb substances. However, the presently available lead-free 
piezoelectric ceramics are not yet good enough to replace lead based piezoelectric 
materials.  
A significant research on lead-free piezoelectric materials, alternatives to PZT 
system, began a little over ten years ago even though the base lead free materials have 
been known for more than half a century [16,17]. The research activities before 1990 
mostly aimed at searching for the systems, whose properties are better than those of PZT. 
However, this was not meant for environmental protection but merely a search for the 
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systems with improved properties over PZT. Since 2000, the search has mostly directed 
to improve the already known lead-free materials to the point where they might show 
PZT-like properties. Till now the piezoelectric properties of lead free ceramics are far 
lower than the lad based ceramics. Fig.1.8 shows the number of publications per year on 
lead-free piezoceramics from 1950 to 2009. Among all the lead-free piezoelectric 
materials, in recent years two systems (Bi1/2Na1/2)TiO3 (BNT) and (Na0.5K0.5)NbO3 
(NKN), have drawn a great deal of attention. (Bi1/2Na1/2)TiO3 possess large remnant 
polarization (38 μC/cm2). But it has a high coercive field (Ec) (73 kV/cm) and a 
ferroelectric-to-antiferroelectric phase transition at around 200°C [18]. On the other hand, 
sodium potassium niobate, K1-xNxNbO3/KNN, is a good candidate because it has a fairly 
high Curie temperature (420°C) [19].  
 
 
 
 
 
 
 
 
 
 
                                                          
                                                            Fig.1.7 (a) 
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                                                             Fig.1.7 (b) 
Fig.1.7 Comparison of properties between PZT materials and lead-free materials: 
(a) dielectric permittivity as a function of Curie temperature; (b) piezoelectric 
coefficient as a function of temperature [20].   
 
 
 
 
 
 
 
 
 
 
Fig 1.8 The number of publications per year on lead-free piezoceramics [21-27]. 
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1.7 K1-xNaxNbO3/KNN Based Materials 
KNN is a solid solution of KNbO3 (KN) and NaNbO3 (NN) systems. Potassium 
niobate (KN) is a ferroelectric system with orthorhombic symmetry at room temperature 
(RT) and has the phase transitions similar to BaTiO3 but with higher Tc (~ 435ºC). 
NaNbO3 (NN) system is an orthorhombic anti-ferroelectric at room temperature with Tc ~ 
355 ºC.  The similarity between KNN and PZT systems is that both of these systems are 
composed of ferroelectric and anti-ferroelectric end-members. Fig. 1.9 shows the phase 
diagram of KNbO3-NaNbO3 system. As shown in Fig. 1.9, the substitution of K
+
 in KNN 
system helps the stabilization of ferroelectric perovskite phase and hence reduction of 
formed metastable structures. The solid solution of potassium niobate and sodium 
niobate, (1-x)KNbO3–xNaNbO3, was found to exhibit better piezoelectric properties 
around the MPB at x ~ 0.5, which separates two orthorhombic ferroelectric phases [28, 
29]. Therefore, K0.5Na0.5NbO3 (KNN) has been recognized as one of the most promising 
host materials for new lead-free piezoelectrics. However, KNN ceramics are difficult to 
sinter by conventional solid state sintering technique and are subject to the problem of 
deliquescence. The phase stability of KNN based ceramics are limited to 1140
o
C, hence 
high temperature sintering is not possible. Moreover, the piezoelectric properties of KNN 
ceramics is very low comparable to PZT ceramics. In order to solve these problems 
researchers have tried to make solid solution of KNN system with other materials. Many 
studies have been carried out on various KNN-based families, such as KNN−LiTaO3 
[30], KNN−LiNbO3 [31], KNN−LiSbO3 [32-34], KNN−SrTiO3 [35], KNN−BaTiO3 [36], 
KNN-AgNbO3 [37]. Among all the modified KNN ceramics, KNN-LS ceramics near 
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MPB is of great interest. (1-x)KNN-xLiSbO3/ KNN-LS is a solid solution of KNN and 
LiSbO3 (LS) systems. 
 
 
 
 
 
 
 
 
 
Fig. 1.9 Phase diagram of the KNbO3 - NaNbO3 system [20]. 
A coexistence of orthorhombic and tetragonal phase in KNN-LS ceramic was identified 
in the composition range for x=0.04-0.06 [33]. The enhanced dielectric and piezoelectric 
properties in these systems had initially been attributed to the effects of the MPB 
separating the orthorhombic and the tetragonal phases. It was later found that the 
enhanced properties in KNN-LS ceramics is due to a polymorphic phase transition [38-
40]. The improved piezoelectric properties in these ceramics result from the lowering in 
temperature of the ferroelectric orthorhombic to tetragonal phase transition temperature 
(TO-T) to ~ RT. But, this lowering of (TO-T) gives rise to sharp temperature dependence of 
the piezoelectric properties (e.g., kp), which is a problem to be addressed before these 
materials can be used in piezoelectric devices.  It has been reported that the MPB in PZT 
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system is nearly vertical in the temperature-composition phase diagram [41-42] as a 
result the poling temperature (Tp) has no effect on different ferroelectric phases. 
However, the presence of MPB in KNN-based ceramics is very different from that in 
PZT-based ceramics. The MPB in KNN-based ceramics is an orthorhombic-tetragonal 
polymorphic phase transition (PPT) type [43]. The phase boundary between tetragonal 
and orthorhombic phases in KNN ceramics is not vertical and shows strong temperature 
dependent behavior. Therefore, poling of the KNN based ceramics near PPT temperature 
can improve the piezoelectric properties. Hence, it is necessary to examine how the 
poling temperature is affecting the piezoelectric properties of the KNN based ceramics. 
Even though KNN-LS ceramics possess excellent piezoelectric properties, still it is not 
comparable to PZT ceramics. Hence, further modification in this system is suggested. Lei 
et al. reported that the substitution of Ag
+
 ion for (K0.5Na0.5)
+
 ion in KNN ceramics 
resulted an improvement in the piezoelectric coefficient (d33)~186pC/N,  planar mode 
electromechanical coupling factor (kp) ~42.5% and the relative density reached ~94% of 
the theoretical density (T.D. ~ 4.51g/cc) [37]. Xu et al also reported that Ag
+
 ion diffuses 
into the KNN lattice to form a new solid solution with improved electrical properties 
compared to pure KNN ceramics [44]. It was also reported that the tantalum (Ta) doping 
in KNN based ceramics can help to improve the piezoelectric properties. Thomas et al. 
reported that the simultaneous substitution of Li and Ta shifts the To–t of the KNN based 
ceramics below room temperature and makes it useful for high temperature applications 
[45]. Recent study also confirms that substitution of Ta in place of Nb in the KNN based 
ceramics can significantly improve the density and piezoelectric performance of these 
ceramics [46-48]. Pan et al reported that V doping in place of Nb in pure KNN ceramics 
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can improve the sintering as well as electrical properties [49]. The sintering temperature 
was found to decrease by 200
o
C with the substitution of small amount of V. Similar kind 
of effects were also observed in SBN ceramics [50]. Following these reports, in the 
present work we have made an attempt to study the effect of Ag, Ta and V substitution on 
the structural and electrical properties of 0.95KNN-0.05LS ceramics. 
1.8 Various Methods to Improve Piezoelectric Properties  
 
Till now the piezoelectric properties of lead free ceramics are lower than those of the 
PZT family. Various methods have been developed to further improve the piezoelectric 
properties of piezoelectrics.  
1.8.1 Developing Solid Solutions Near MPB  
    Morphotropic phase boundary (MPB) of a solid solution is an intrinsic region 
of a phase diagram where two or more different phases coexist. In many lead-based 
systems, it has been shown that the solid solutions of piezoelectric materials usually 
exhibit better piezoelectric properties as well as dielectric properties near the MPB at the 
compositions. For example, the dielectric and electromechanical coupling coefficients of 
PZT ceramics with compositions near the MPB (Pb(Zr0.52Ti0.48)O3) are showed in Fig. 
1.10. The reason that these properties show the maximum near the MPB region can be 
explained from a statistical point of view regarding the polar axis switching during the 
poling process of the materials. When a piezoelectric ceramics is poled, the different 
polar axes within the grains are forced to switch toward the directions that are allowed by 
crystallographic symmetry. Given a particular crystallographic symmetry, there are 
always a fixed number of equivalent polar axes along which the dipoles can switch. 
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 Fig. 1.10 Dielectric and electromechanical coupling coefficients of PZT ceramics 
near MPB [14].                                                             
                                            
The numbers of polar axes of ferroelectrics with different phases are shown in Fig.1.11. 
For instance, on the Zr-rich side of the MPB, the crystal symmetry of PZT is tetragonal, 
with 6 equivalent [001] directions of polar axes.  On the Ti-rich side of the MPB, PZT is 
rhombohedral, with 8 equivalent [111] directions of polar axes. But at the MPB, these 
two different phases coexist; therefore the switching of the polar axes has 14 available 
directions. With a larger number of allowable polar directions, the maximum deviation of 
the polar axis of a grain from the average polar direction becomes smaller, so that the 
lowering of the net polarization in the whole polycrystalline specimen becomes less. 
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Fig. 1.11 Numbers of equivalent polar axes of ferroelectrics with different phases: 
(a) six [001] directions in tetragonal; (b) twelve [110] directions in orthorhombic; (c) 
eight [111] directions in rhombohedral structure.  
1.8.2 Optimization of Poling Temperature 
  The MPB in KNN-based ceramics is very different from that in PZT-based 
ceramics. The so-called MPB in KNN based ceramics is an orthorhombic-tetragonal 
polymorphic phase transition (PPT). The phase boundary between tetragonal and 
orthorhombic phases is not vertical and shows strong temperature dependence. This 
suggests that the piezoelectric properties of KNN-based ceramics must be poling 
temperature (Tp) dependent.  
1.8.3 Microwave Processing 
Microwaves are electromagnetic waves that lie between radio and infrared 
frequency regions in the electromagnetic spectrum, shown in Fig.1.12. While the 
majority of the microwaves frequencies are dedicated for communications and radar 
purposes, the following frequencies are designated for industrial, scientific, and medical 
uses: 915 MHz, 2.45 GHz, 5.8 GHz, and 20.2-21.1 GHz [51, 52]. Home-model 
microwave ovens operate at a frequency of 2.45 GHz frequency due to the fact that the 
water molecules present in food show good microwave absorption at this frequency. The 
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relative availability of 915 MHz and 2.45 GHz microwave ovens resulted in their 
applications to processing ceramics [51].  
 
 
 
 
 
 
 
    
 
  Fig.1.12 Electromagnetic spectrum illustrating specifically the microwave range. 
Microwaves interact with materials in different ways. Depending on the materials 
Microwaves are generally reflected, transmitted, or absorbed. The ability of certain 
materials to convert microwaves into heat makes these materials suitable for microwave 
processing [53]. The main difference between a conventional and a microwave process is 
shown in Fig.1.13. In conventional furnaces, the heating elements supply heat to the 
sample; the majority of heat is concentrated along the surface of the body when compared 
with the interior of the sample. In a microwave furnace, the material will absorb 
microwave energy and then convert it into heat. The heating pattern during microwave 
processing is more internal in nature. It was reported that microwave processing (MWP) 
is superior to conventional processing (CP) due to its unique characteristics, such as rapid 
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heating, enhanced densification rate and improved microstructure. Microwave heating is 
fundamentally different from conventional heating. In the microwave process, the heat is 
generated internally within the material instead of originating from external sources, and 
hence there is an inverse heating profile. The heating is very rapid as the material is 
heated by energy conversion rather than by energy transfer, which occurs in conventional 
techniques. 
 
 
 
 
 
 
 
               Fig. 1.13 Heating patterns in conventional and microwave furnaces. 
Moreover, a major advantage of microwave calcination over conventional calcination is 
that not only it saves time but also the coarsening of the particles can be greatly reduced, 
which leads to the further increment in the diffusion rate during sintering. Reports on 
microwave processing of KNN based ceramics are very rare. In the present work, in order 
to produce highly dense KNN based ceramics, microwave processing technique has been 
employed.     
1.9 Objectives of This Work  
Although a great deal of work has been carried out in the search for lead-free 
piezoelectric materials based on KNN based ceramics, still it is important and 
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challenging to design and synthesize new lead free systems in the interest of developing 
new lead-free piezoelectrics with better piezoelectric and ferroelectric properties suitable 
for high temperature applications.  
Following are the objectives of the present thesis work: 
a) Synthesis of KNN-LS based ceramics near MPB in single perovskite phase by 
conventional solid-state reaction (CSSR) route. 
b) Optimization of LS content in KNN-LS ceramics near MPB to achieve better 
piezoelectric properties. 
c) Optimization of poling temperature to obtain better electromechanical and 
piezoelectric properties. 
d) Optimization of sintering temperature of Ag, Ta and V doped KNN-LS system, 
synthesized by CSSR route. 
e) Ag, Ta and V doping in MPB composition of KNN-LS system and its effect on 
ferroelectric and piezoelectric properties. 
(e)     Study of densification behavior and electrical properties of KNN-LS based 
          ceramics (synthesized by CSSR route and showing better piezoelectric 
         properties) processed by microwave technique. 
The following series of KNN-LS based ceramics are synthesized by CSSR route:  
i. (1-x)[K0.5Na0.5NbO3]-x[LiSbO3] (x=0, 0.04, 0.05, 0.06)  
ii. 0.95[(K0.5Na0.5)1-xAgxNbO3]-0.05LiSbO3 (x=0, 0.02, 0.04, 0.06, 0.08) 
iii. 0.95[(K0.5Na0.5) Nb1-x TaxO3]-0.05LiSbO3 (x=0, 0.02, 0.04, 0.06, 0.08) 
iv. 0.95[(K0.5Na0.5) Nb1-xVxO3]-0.05LiSbO3    (x=0, 0.02, 0.04, 0.06, 0.08) 
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CHAPTER - 2 
Synthesis Routes and Investigated Parameters 
2.1 Introduction 
In this chapter, the basic principles and various experimental techniques as well as the 
synthesis route used in this thesis work are described. Since in KNN based materials 
hygroscopic alkali elements are present therefore, extra care needs to be taken to obtain single 
perovskite phase in these materials. In the present chapter the various processes taking place 
during the material synthesis are presented. In order to measure the structural, microstructural 
and electrical properties various characterization techniques are used. These characterization 
techniques include: structural analysis, dielectric, piezoelectric, electromechanical, ferroelectric 
and thermal measurements. The concepts of these experimental methods and techniques are 
briefly explained, including powder x-ray diffraction (XRD), scanning electron microscopy, 
ferroelectric hysteresis loop measurement, strain vs. electric field loop, thermogravimetric 
analysis, resonance and anti-resonance frequency and piezoelectric constant measurement. 
2.2 Synthesis Process  
There are several methods of material synthesis such as mechanical methods, which 
includes solid-state reaction, ball milling etc., and the chemical methods, which includes sol-
gel, wet-dry, polymer-sol-gel etc. To achieve a quality product with respect to purity, 
homogeneity, reactivity, particle size etc. each method finds its own advantages and 
disadvantages. Like the solid-state reaction method is found to be the easier, convenient and a 
low cost technique among other available synthesis methods by means of performance, 
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reliability, reproducibility and economy. Several processing techniques for electro-ceramics 
have been developed and some of these are discussed in the following sections. 
2.2.1 Solid State Reaction Route 
A solid solution is a mixture of two crystalline solids that coexist as a new crystalline 
solid, or crystal lattice. Usually, polycrystalline materials are prepared by the conventional 
solid state reaction route (CSSR). Solids usually do not react at room temperature (RT) and in 
order to accelerate the reaction, higher processing temperature is needed. First of all the raw 
materials are kept in an oven at 200 
o
C for 2h, in order to remove any moisture present in the 
materials. Then the materials are weighed according to the stoichiometry. After that, the raw 
materials are ball milled and then grinded to homogenize the particles [1]. Acetone is usually 
used as a milling medium. The phase formation temperature is decided from the 
thermogravimetric analysis. Here the weight loss of the sample is measured as a function of 
temperature. Next step is the solid state reaction between the constituents of starting materials 
at suitable temperature [1, 2]. This process is called calcination. Calcination causes the 
constituents to interact by inter diffusion between the ions. Calcination is also called as the 
process of phase formation. After calcination the powder is given a desired shape, and is 
further densified through sintering process. Sintering is a heat treatment process for making 
useful polycrystalline ceramics from a powder or porous material. In this process the powder is 
pressed into a compact, which is then heated to a temperature approximately 50-80% of the 
melting temperature [3]. In this way, the powder does not melt; rather the particles join to 
reduce the porosity of the compact by ionic diffusion as shown in Fig.2.1. 
 
31 
 
 
 
 
 
 
Fig. 2.1 Schematics of sintering process: (a) three grains before solid-state sintering, 
 and (b) after sintering. 
 
2.2.2 Microwave processing  
The first reported work on sintering of ceramics using microwaves dates back to the 
1960‟s with the patent on firing refractories by Levinson [4]. Since then, microwave 
technology has been successfully applied to process some of the common ceramics consisting 
of oxides, borides, carbides, nitrides, and a combination of these materials. Although 
microwave heating was conceived before 50 years ago, its use in ceramic processing is 
relatively new. Microwave heating is a phenomenon of electromagnetic energy dissipation 
inside a material [5]. Considering non-magnetic materials, the charges present in the material 
would respond to the electric field (that is associated with microwave) mainly by two processes 
(a) polarization and (b) conduction. In the microwave process, the heat is generated internally 
within the material instead of originating from external sources, and hence there is an inverse 
heating profile. The heating is very rapid as the material is heated by energy conversion rather 
than by energy transfer, which occurs in conventional techniques. Microwave heating is a 
function of the material being processed, and there is almost 100% conversion of 
electromagnetic energy into heat, largely within the sample itself, unlike with conventional 
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heating where there are significant thermal energy losses. Microwave heating has many 
advantages over conventional heating methods [5-8]; some of these advantages include, time 
and energy saving, very rapid heating rates considerably reduced processing time and 
temperature, fine microstructures and hence improved mechanical properties, it is 
environmental friendly. Due to wide availability of 2.45 GHz microwave ovens, this frequency 
is used by many researchers for heating different ceramics.  
        The absorption of microwave energy and conversion to heat occurs due to polarization 
and conduction and results in a rise in temperature, ∆T/∆t, which is given by the following 
equation [8]: 
                                                                                                                       
                                                                                                                                                                           (2.1)
 
where, εo is the permittivity of free space (8.85×10
-12
 V m
3), ε"eff is the relative effective 
dielectric loss due to ionic conduction and dipolar reorientation, f is the frequency, Erms is 
the root mean square of the electric field within the material, ρ is the bulk density of 
dielectric material and Cp is the heat capacity of the material at constant pressure. The 
dissipation of microwave power is limited by the attenuation of electromagnetic waves 
within the material and this is quantified as penetration depth, Dp. It is defined as the 
distance from the surface of the material at which the power level drops to 37 % of the 
power at the surface. For a given microwave frequency, it can be observed from equation 
1 that microwave absorption depends on the effective dielectric constant, ε"eff, and the 
magnitude of the internal electric field, Erms. Higher these values, the more the energy 
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(microwave) would be absorbed. However, the extent to which microwaves are converted 
to heat is limited by their depth of penetration. It can be observed from equation 1 that, 
with the increase in ε"eff, the Dp will decrease i.e., at very high effective dielectric loss 
values, the microwave heating will focus more along the material‟s surface similar to that 
of conventional heating.  
 
 
 
 
 
          Fig. 2.2 Historical perspective of sintering of ceramics using microwave energy.     
2.3 Thermal Analysis 
  Thermo gravimetric analysis (TGA) can be used to determine the materials thermal 
stability and volatile of components by monitoring the weight change at the time of heating of 
the specimen. The measurement is normally carried out in air or in an inert atmosphere, such as 
He/Ar, and the changes in weight is recorded as a function of increase of temperature of testing 
samples. Sometimes the measurement is performed in neon oxygen atmosphere to slow down 
the oxidation. Such analysis relies on a high degree of precision in three measurements: 
weight, temperature, and temperature change. The results from thermo gravimetric analyses are 
usually reported in the form of curves relating the mass lost from the sample against 
temperature. Form this, the temperatures at which certain chemical processes begin and 
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completed are graphically demonstrated. TGA is commonly employed in research to determine 
degradation temperatures, absorbed moisture content of materials, the level of inorganic and 
organic components in materials, decomposition points of explosives, and solvent residues. It 
is also often used to estimate the corrosion kinetics in high temperature oxidation [9, 10]. 
 
A differential thermal analysis (DTA)  can be for the determination of phase diagrams,  
heat change measurements and decomposition in various atmospheres. DTA is 
a thermoanalytic technique, similar to differential scanning calorimetry (DSC). In DTA, an 
inert reference and the specimen  under study are made to undergo identical thermal cycles, 
while recording any temperature difference between them [11]. This differential temperature 
between inert reference and the specimen is then plotted against time, or against temperature 
(DTA curve or thermogram). Reactions taking place in the sample, either exothermic or 
endothermic, can be detected relative to the inert reference. Thus, a DTA curve provides data 
on the transformations that have occurred, such as glass transitions, crystallization, melting and 
sublimation.  
2.4 X-Ray Diffraction   
The diffraction of X-rays was first illustrated by Max-von Laue using a crystal of 
copper sulphate as the diffraction grating. This discovery was immediately noticed by W. H. 
Bragg and W. L. Bragg, who used X-ray diffraction as a means to determine crystal structures. 
In this technique, an electric field is used to accelerate electrons, which are directed at a metal 
target [12]. The penetrating electrons eject other electrons out of their atomic orbitals, 
specifically from the inner most (K) shell. This vacancy in the K shell is then filled by an 
electron from the closest shell higher in energy (L) or the one above that (M), yielding two 
sharp and intense X-ray peaks, Kα and Kβ, respectively [13]. The difference in energy between 
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the two shells is released as radiation in the form of an X-ray. Since the energies of the shells 
are well defined, each transition produces a monochromatic beam line. Fig. 2.3 illustrates how 
X-rays interact with the planes in the crystal lattice of the sample. This interaction can also be 
expressed by the Bragg law [13]:  
                                                  2dhklSinθ = nλ                           (2.2) 
where dhkl is the interplanar spacing between the crystal planes (hkl), θ is the Bragg angle at 
which diffraction from these planes are observed, and λ is the wavelength of the X- rays.       
 
 
 
 
 
 
                                  
Fig. 2.3 Bragg diffraction from a set of lattice planes with a spacing d.  
The diffracted X-rays are detected and a plot of intensity as a function of the 2θ angle is 
obtained. This XRD pattern provides very useful information such as the d spacing of the 
lattice planes, which is directly related to the unit cell parameters of the material, and the 
symmetry of the phase(s) present [14]. The Kα spectrum usually consists of two components of 
similar wavelength (Kα1 and Kα2) due to the existence of two slightly different L energy levels. 
For example, the wavelengths of the K radiations for a Cu target are: Kβ=1.3926 Å, Kα1=1.5406 
Å and Kα2=1.5444 Å [15]. Normally, monochromatic radiation is required in diffraction 
experiments, and the comparably more intense Kα radiation is usually selected. 
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Fig. 2.4 Characteristic x-ray diffraction patterns for various symmetries showing the 
corresponding splitting with respect to the cubic (111), (200) and (220) reflections. 
 
The Kα line is filtered using a thin metal foil, e.g., nickel which effectively filters the Kα line of 
copper. In some X-ray experiments, Kα1 and Kα2 are not resolved and a single line is observed 
instead of a doublet, e.g., for powder diffractometry at low angles. In this case, the average 
value of 1.5418 Å for Kα is used. If desired, the separate diffraction peaks can be resolved 
when the angle of scattering is large or the weaker Kα2 can be removed computationally. X-ray 
diffraction patterns can be used to monitor chemical reactions and structural properties such as 
phase purity and change of symmetry (phase transition). For example, if a crystal structure 
changes from cubic to tetragonal, the interaxial angles do not change (α, β, γ, =90o), but the 
lengths of the unit cell are no longer equal (a ≠ b = c) This will affect the d-spacings within the 
lattice, which in turn will result in the splitting or merging of peaks as shown in Fig. 2.4. This 
characteristic XRD pattern can be used to identify the symmetry and phase components of the 
materials. 
 
37 
 
2.5 Scanning Electron Microscopy (SEM) 
A scanning electron microscope (SEM) is a type of electron microscope that images a 
sample by scanning it with a high-energy beam of electrons in a raster scan pattern. This 
technique is widely used to characterize the surface topography, morphology, compositions 
and crystallographic information of the samples. The fundamental principles of scanning 
electron microscopy (SEM) are mainly based on the accelerated electrons which carry 
significant amounts of kinetic energy. This energy is dissipated as a variety of signals due to 
the electron-sample interactions. These signals include secondary electrons (that produce SEM 
images), backscattered electrons (BSE), diffracted backscattered electrons (used to determine 
crystal structures and orientations of minerals), photons (characteristic X-rays that are used for 
elemental analysis and continuum X-rays), visible light (cathode luminescence), and heat. 
Secondary electrons and backscattered electrons are commonly used for imaging the samples. 
Secondary electrons are most valuable for showing morphology and topography of the 
samples; whereas backscattered electrons are most valuable for illustrating contrasts in 
composition in multiphase samples. Moreover, SEM analysis is considered to be a "non-
destructive" method; hence, it is possible to analyze the same materials repeatedly [16, 17]. 
The schematic diagram of SEM is given in the Fig 2.5. In order to image the sample‟s surface, 
an electron beam is thermally emitted from a tungsten filament under vacuum and focused on 
an area (< 10 nm) and then scanned across the sample. The electrons penetrate the surface and 
consequently eject other electrons that are detected and used for imaging [18]. Since, electrons 
interacts with the material, the sample must be conducting.  
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                   Fig. 2.5 The interaction of an electron beam with a sample. 
2.6 Dielectric Polarization  
        The polarization in the dielectric material occurs when it is subjected to an external field 
and it is classified according to their origin. The various types of polarizations are [19]: 
1. Dipolar polarization 
2. Atomic or ionic polarization  
3. Interface or space charge polarization 
4. Electronic polarization 
2.6.1 Dipolar Polarization (Orientational Polarization) 
      Dipolar polarization is a polarization that is either inherent to polar 
molecules (orientation polarization), or can be induced in any molecule in which the 
asymmetric distortion of the nuclei is possible (distortion polarization).  In zero fields, the 
permanent dipoles will be randomly oriented and the system has no net polarization, but an 
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externally applied electric field will tend to align the dipoles and the material will acquire a net 
polarization, which is known as orientational polarization.  
 
 
 
 
             Fig.2.6 (a) Without field                                           Fig.2.6 (b) With field 
                              Fig.2.6 Schematic of the dipolar orientation process. 
Dipolar polarization is frequency dependent and active in low and microwave 
frequency region (~ 10
11
-10
12
 Hz) [20]. Dipolar polarization decreases with the increase in 
temperature. This is understandable because, higher the temperature, the greater will be the 
thermal energy, which increases the randomizing effect of the dipoles and acts against the 
orientation of the dipoles in the field direction.  
2.6.2 Ionic Polarization  
 Ionic polarization is polarization which is caused by relative displacements between 
positive and negative ions in ionic crystals (for example, NaCl). If crystals or molecules do not 
consist of only atoms of the same kind, the distribution of charges around an atom in the 
crystals or molecules leans to positive or negative. As a result, when lattice vibrations or 
molecular vibrations induce relative displacements of the atoms, the centers of positive and 
negative charges might be in different locations. These center positions are affected by the 
symmetry of the displacements. When the centers don't correspond, polarizations arise in 
molecules or crystals. This polarization is called ionic polarization. Ionic polarization 
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causes ferroelectric transition as well as dipolar polarization. The transition, which is caused by 
the order of the directional orientations of permanent dipoles along a particular direction, is 
called order-disorder phase transition. The transition which is caused by ionic polarizations in 
crystals is called displacive phase transition. Since the entire ions which are heavier than 
electrons are displaced this mechanism is only active up to 10
12
 - 10
13
 Hz (Infra-red 
frequencies).This mechanism is also temperature independent. Fig.2.7 shows the situation 
where the distance between the ions increases by d; the symmetrical situation, where the 
distance decreases by d, is obvious.    
 
 
 
 
 
Fig.2.7 Scematic of the ionic polarization. 
 
2.6.3 Electronic Polarization 
 It arises due to the relative displacement of the centers of +ve charges with respect to 
the centre of the –ve charges of an atom or ion when subjected to an external electric field. It is 
operative in all dielectrics and is temperature independent. Electronic polarization is active in 
the optical (visible-ultravoilet) frequency range (~ 10
15
-10
16
 Hz). Electronic structure of an 
atom is independent of temperature; hence temperature has no effect on it. 
 
41 
 
2.6.4 Interfacial Polarization 
 In polycrystalline materials, the inter-grain boundaries are zones, where free charges 
(interstitial ions, vacancies, injected electrons etc.) may accumulate and cause polarization of 
the crystallites, which is known as interfacial polarization. The notion of interface polarization 
is related to separate surfaces between crystallites, which act as barriers to the motion of free 
charges from one crystallite to the other and is a characteristics of polycrystalline materials 
[21]. Interfacial polarization is prominent in low frequency (10
-3
 - 10
3
 Hz) and high 
temperature range. It is active in low frequency region, As the frequency is increased, the time 
required for the interfacial charges to be polarized is delayed. At high temperatures the increase 
of defect or impurities gives rise to interfacial polarization. 
2.7 Dielectric Properties 
Ferroelectric materials are very often dielectrics. For most applications of ferroelectric 
materials, the dielectric constant (r) and dielectric loss (tan) are important practical 
parameters, and studies of the dielectric properties provide a great deal of information about 
the applicability of the ferroelectric materials in various applications. 
2.7.1 Dielectric Constant (r) 
 The relative dielectric constant (r) of a material is the ratio between the charge 
stored on an electroded slab of material brought to a given voltage and the charge stored on a 
set of identical elctrocdes, separated by vacuum. It is defined as  
                            r= 1+P/oE                                (2.3) 
where r = Dielectric constant or relative permittivity of the material 
 E= Net electric field in the presence of dielectric material 
 P = Induced dipole moment / volume under an applied electric field E 
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 o= Permittivity of the free space 
And, for an alternating electric field, the dielectric constant can be written as  
    r= ′-i″       (2.4) 
Where ′ is the real component of the dielectric constant/ relative permittivity, in phase 
with the applied external field E. ″ is the imaginary component, 90o out of phase with the 
applied external electric field, caused by either resistive leakage or dielectric absorption. For 
normal substances, the value of r is low, usually under 5 for organic materials and under 20 
for most inorganic solids. Ferroelectric ceramics, however generally have much higher r, 
typically several hundred to several thousand [22]. 
2.7.2 Dielectric Loss (tan) 
 The charging current in an ideal dielectric leads the applied voltage by /2 
radians (90
o
). However, in real dielectrics in addition to the charging current, associated with 
the storage of electric charge by the dipoles, a loss current must also be considered. The loss 
current arises from the long-range migration of charges, e.g., dc ohmic conduction and the 
dissipation of energy associated with the rotation or oscillation of dipoles [22]. As there is no 
dielectric which is a perfect insulator (is not loss free), it is generally represented by a complex 
dielectric constant, defined in equation 2.4. The total current in the real dielectric is a complex 
quantity which leads the voltage by an angle (90-), where  is called the loss angle. Dielectric 
loss (tan), also known as dissipation factor, is defined as tan= "/ ′. The inverse of the loss 
tangent, Q = (1/tan), is used as a figure of merit in high frequency piezoelectric applications.    
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2.8 Diffuse Phase Transition  
In macroscopic homogeneous materials, the observed transition temperature is not 
sharply defined. The transition is smeared out over a certain temperature interval, resulting in a 
gradual change of physical properties in this temperature region. This phase transition is called 
as diffuse phase transition (DPT). Though this phenomenon is observed in several types of 
materials, however the most remarkable examples of DPT are found in ferroelectric materials. 
In the early 1950‟s ferroelectric diffuse phase transitions (FDPT) were first mentioned in the 
literature. The diffuseness of the phase transition is assumed to be due to the occurrence of 
fluctuations in a relatively large temperature interval around the phase transition temperature. 
Usually here two kinds of fluctuations are considered: (a) compositional fluctuation and (b) 
polarization (structural) fluctuation. From the thermodynamic point of view, it is clear that the 
compositional fluctuation is present in ferroelectric solids-solutions and polarization 
fluctuation is due to the small energy difference between high and low temperature phases 
around the transition temperature. This small entropy difference between ferroelectric and 
paraelectric phases will cause a large probability of fluctuation. According to Fritsberg, 
substances of less stability are expected to have a more diffuse transition [23]. For relaxor as 
well as other FDPT, the width of the transition region is mainly important for practical 
applications. Complex perovskite type ferroelectrics with distorted cation arrangements show 
DPT which is characterized by a broad maximum for the temperature dependence of dielectric 
constant (εr) and dielectric dispersion in the transition region. For DPT, εr follows modified 
temperature dependence Curie Weiss law [24-26]. 
           (2.5) 
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where, Tm  is the temperature at which εr reaches maximum (εm), C is the modified Curie 
constant and γ is the critical exponent. The γ factor explains the diffusivity of the materials, 
which lies in the range 1<γ<2. In case of γ equals to unity, normal Curie–Weiss law is followed 
and it shows the normal ferroelectric phase transition [27]. Whereas  on  the  basis  of  a  local  
compositional  ﬂuctuation model,  the  value  of  γ=2  corresponds  to  a  completely  diffused  
system  [28].  For  systems exhibiting  intermediate  value  of  diffusivity  (1≤γ≤2)  the  
materials  are  complex,  hence  partially disordered.   
2.9 Ferroelectric Properties 
The most important characteristic of ferroelectric materials is polarization reversal (or 
switching) by an applied external electric field. Mainly domain-wall switching in ferroelectric 
materials lead to the development of polarization vs. electric field (P-E) ferroelectric hysteresis 
loop. This hysteresis loop can be observed experimentally by using a Sawyer – Tower circuit 
[29]. 
 
 
 
 
 
 
Fig. 2.8 Ferroelectric P –E/ hysteresis loop. (Circles with arrows represent the 
polarization state of the material at the indicated fields). 
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Fig. 2.8 shows P–E hysteresis loop in a ferroelectric material. At small values of the electric 
field, the polarization increases linearly with the field amplitude,. As the field is increased the 
polarization of domains with an unfavourable direction of polarization will start to switch in 
the direction of the field, rapidly increasing the measured charge density. An ideal hysteresis 
loop is symmetrical so that +EC= −EC and +PR= −PR. The coercive field, spontaneous and 
remanent polarizations and shape of the loop may be affected by many factors including the 
thickness of the sample, the presence of charged defects, mechanical stresses, preparation 
conditions, and thermal treatment. The mechanism of polarization switching has been studied 
in detail for many bulk and thin-film ferroelectrics [30]. The polarization reversal takes place 
by the growth of existing antiparallel domains, by domain-wall motion, and by nucleation and 
growth of new antiparallel domains, which is shown in Fig. 2.9 [31]. 
 
 
 
 
 
 
Fig.2.9 Probable sequence of polarization switching in ferroelectrics: (a) nucleation of  
oppositely oriented domains, (b) growth of oppositely oriented domains, (c) sidewise 
motion of domain walls and (d) coalescence of domains.  
 
P-E hysteresis loop is also a function of temperature and usually area of the loop shrinks with 
the increase in temperature until a phase transition takes place [22]. At this point no P-E loop is 
observed and this temperature is called Curie temperature, Tc.  
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2.10 Poling 
Ferroelectric crystals possess regions with uniform polarization called ferroelectric 
domains. Within a domain, all the electric dipoles are aligned in the same direction. There may 
be many domains in a crystal separated by boundaries called domain walls. Adjacent domains 
can have their polarization vectors in antiparallel directions, at right angles to one another etc. 
Adjacent domains having polarization vectors antiparallel directions and at right angles are 
known as having 180
o 
or 90
o 
domain walls.   
  Fig. 2.10 Schematic illustration of the poling process. 
A ferroelectric polycrystalline material possesses multiple ferroelectric domains. A single 
domain can be obtained by domain wall motion made possible by the application of a 
sufficiently high electric field, the process known as poling. Poling is very important for the 
application of polycrystalline ferroelectric ceramics. Ferroelectric ceramics do not possess any 
piezoelectric properties owing to the random orientations of the ferroelectric domains in the 
ceramics before poling. During poling, a DC electric field is applied on the ferroelectric sample 
to force the domains to be oriented or “poled”. After poling, the electric field is removed and a 
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remnant polarization and remnant strain are maintained in the sample, and the sample exhibits 
piezoelectricity. A simple illustration of the poling process is shown in Fig. 2.10.  
2.11 Strain vs. Electric Field Behavior 
In addition to the polarization–electric field hysteresis loop, polarization switching by 
an electric field in ferroelectric materials also leads to strain–electric (S-E) field hysteresis. The 
strain–electric field hysteresis loop, which resembles the shape of a butterfly, arises due to 
three types of effects. One is the converse piezoelectric effect of the lattice, and the other two 
are due to switching and movement of domain walls. Ceramic samples usually contain a 
number of non-180
o
 domains. In addition to the pure piezoelectric response of the material 
within each domain [32], the movement and switching of non-180
o
 domain walls may involve 
a significant change in dimensions of the sample.  
 
 
 
 
 
     Fig. 2.11 Strain–electric field (S–E)/ hysteresis loop (butterfly loop) in piezoelectrics. 
Fig. 2.11 shows the strain vs. electric field (S-E) hysteresis loop in a ferroelectric material. At 
zero field (point A) the strain of the crystal is taken to be zero. The electric field is then applied 
in the direction of the spontaneous polarization. As the field is increased, the crystal expands 
through the piezoelectric effect, and the strain traces the path A–B–C. The expansion continues 
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until the maximum field is reached (point C). At point C, the field starts to decrease, but is still 
parallel to PS. The strain of the sample traces the same line but in the opposite direction (from 
C to A). At point A the strain is again zero. The field then changes its direction, becoming 
antiparallel to PS. As the field strength increases in the negative direction, the crystal contracts 
with respect to point A. At point D the field is large enough to switch the direction of 
polarization. After switching, the polarization becomes parallel to the field, and the strain 
becomes positive again (point E). During further increase of the field in the negative direction, 
strain increases to point F, and then decreases back to point A as the field is decreased [33]. 
The reversal of the polarization and sudden change of the strain happens again at point G. The 
strain–field curve is linear, indicating that the strain is purely piezoelectric except at the 
switching points D and G.  
2.12 Piezoelectric Parameters 
The piezoelectric charge coefficients (d31 and d33), the piezoelectric voltage coefficients 
(g31 and g33) and the piezoelectric coupling factors (k31, k33, kp and kt) are the important 
piezoelectric parameters.  
2.12.1 Piezoelectric Charge Coefficients  
        Piezoelectric coefficients can be measured using either the direct or converse 
piezoelectric effects. The piezoelectric coefficients in the direct and converse 
piezoelectric effects are thermodynamically identical. In order to measure the 
piezoelectric coefficients using the direct piezoelectric effect, a normal load is applied to 
a ferroelectric capacitor and the charge on the electrodes is measured. To measure the 
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piezoelectric coefficients using the converse piezoelectric effect, an electric field is 
applied and the strain in the ferroelectric material is measured.  
The equations for the direct and converse piezoelectric effects are given below: 
D = d T  (Direct effect)                                        (2.6) 
S  = d E (Converse effect)                                    (2.7) 
Where in equation (2.6) “d” is piezoelectric charge coefficient, „D‟  is  the  dielectric  
displacement, „T‟ the mechanical stress, whereas in equation (2.7) „E‟ is the electric field 
and „S‟ the mechanical strain, respectively. The piezoelectric coefficient is direction 
dependent i.e., tensor quantity. The longitudinal piezoelectric coefficient (d33) is the value 
of the piezoelectric coefficient that applies to the distortion measured in the same 
direction as the electric field. To measure the longitudinal piezoelectric coefficient, the 
electrical response is parallel to the applied stress. The value measured in the direction 
perpendicular to an electric field is called the transverse piezoelectric coefficient (d31). 
For the transverse piezoelectric coefficient, a stress is applied in the plane of the material 
and the induced charge is measured along the perpendicular direction (along which 
direction). High d constant is desirable for materials intended to develop motion or 
vibration, such as sonar or ultrasonic cleaner transducers applications [22].  
2.12.2 Electromechanical Coupling Coefficient 
The electromechanical coupling coefficient is defined as the ratio of the mechanical 
energy accumulated in response to an electrical input or vice versa. The piezoelectric coupling 
coefficient can be expressed as [34]: 
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                  K=        
energy mechanicalInput 
energy electrical  toconvertedenergy  Mechanical
 
                             Or 
                   K=    
energy electricalInput 
energy mechanical  toconvertedenergy  Electrical
                  (2.8)
 
Under dynamic DC conditions, as opposed to static DC conditions, the behaviour of the 
piezoelectric materials is much more complex. It can be characterized in terms of an equivalent 
electrical circuit which exhibits both parallel and series resonance frequencies. To approximate 
these frequencies, the frequency of the minimum impedance (fr) and maximum impedance (fa) 
for the material are measured as shown in Fig. 2. 12. 
 
 
 
 
 
 
 
 
Fig. 2.12. A typical impedance curve of the equivalent circuit for measuring the 
impedance frequencies [35]. 
 
The fr and fa are called as resonance and anti-resonance frequencies. The resonance frequency 
is the frequency at which the sample vibrates most readily and most efficiently converts the 
input electrical energy to the mechanical energy [36]. Fig.2.13 shows that initially with 
increase in frequency the impedance decreases and reaches a minimum value at fr, with further 
increase in frequency impedance increases and reaches a maximum value at fa. K can be 
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determined by the dimension of the ceramic element. For a thin disc of piezoelectric ceramic, 
the planar mode coupling coefficients (kp) expresses radial coupling, the coupling between the 
electric field parallel to the direction in which the ceramic element is polarized and mechanical 
effects that produce radial vibrations. The resonance measurement of a material is strongly 
dependent on its geometry. To assure isolation of the resonance, sample geometry must be 
chosen carefully [36].  Geometries  suitable  for  measuring  the  different  piezoelectric  and  
elastic  coefficients  are  presented  in  Table-2.1. 
               Table-2.1 Sample geometries for measurement of material properties. 
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CHAPTER-3 
Experimental Details  
3.1 Introduction 
This chapter describes the various steps involved in the synthesis of the 
compounds selected for the present work by conventional and microwave processing 
techniques. The details about the instruments used for the various characterizations of the 
samples are also given in detail. 
3.2 Conventional Processing  
The following series of KNN-LS based ceramics were synthesized by conventional 
solid state reaction route:  
i. (1-x)[K0.5Na0.5NbO3]-x[LiSbO3] (x=0, 0.04, 0.05, 0.06)  
ii. 0.95[(K0.5Na0.5)1-xAgxNbO3]-0.05LiSbO3 (x=0, 0.02, 0.04, 0.06, 0.08) 
iii. 0.95[(K0.5Na0.5) Nb1-x TaxO3]-0.05LiSbO3 (x=0, 0.02, 0.04, 0.06, 0.08) 
iv. 0.95[(K0.5Na0.5) Nb1-xVxO3]-0.05LiSbO3    (x=0, 0.02, 0.04, 0.06, 0.08) 
The various steps involved in conventional processing of the above mentioned 
ceramics are represented as a flow chart and shown in Fig.3.1. In the present work, the 
raw materials such as; K2CO3, Na2CO3, Li2CO3, Sb2O5, Ag2O, Ta2O5 and V2O5 (with 
high purity > 99%) were used for the material preparation. The raw materials were first 
dried at ~ 200
o
C in order to remove the moisture. Stoichiometric weights of all the 
powders were mixed and ball milled with acetone for 8h, using zirconia balls as the 
grinding media. After drying the slurry in an oven, the calcinations of the powders were 
carried out at 850
0
C for 6h. Single perovskite phase formation was confirmed by X-ray 
diffraction (XRD) technique. After calcination, the powders were mixed with polyvinyl 
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alcohol (PVA) (which acts as a binder) to reduce the brittleness and to have better 
compactness amongst the granules of the powders. The green pellets of dimensions with 
diameter ~12 mm and thickness ~1.5 mm were made using uniaxial isostatic cold press 
with the help of tungsten carbide dye. The sintering of the pellets was carried out in a 
conventional high temperature furnace. Initially, the temperature of the pellets were 
raised to 600
o
C with a very slow heating rate ~ 5
o
C/min. and kept there for 2h to 
completely remove the binder. Then the pellets were sintered at a desired high 
temperature with a soaking time of 4h to increase the density. The sintering temperature 
was optimized for each composition to achieve better density in the ceramics. In order to 
examine the phases present in the system, XRD analysis of the sintered KNN ceramics 
were performed on a PW 3020 Philips diffractometer using Cu Kα (λ=0.15405 nm) 
radiation. The sintered microstructures were observed using a JEOL JSM-6480LV 
scanning electron microscope (SEM). For SEM measurement, the surface of the samples 
were made conducting by applying a thin layer of platinum coating. The experimental 
densities (dex) of the samples were measured by the Archimedes method. For electrical 
measurement, silver paste was applied on both sides of the sintered ceramics and fired at 
500°C for 30 min for good adhesion. Dielectric constant (εr) and dielectric loss (tan ) 
were measured as a function of temperature using a computer interfaced HIOKI 3532-50 
LCR-HITESTER. The ferroelectric property was characterized by the measurement of 
polarization as a function of electric field using precision premier II, a standard 
ferroelectric testing machine (Radiant Technology). The samples for the piezoelectric 
property measurements were poled by corona poling unit in the temperature range from 
RT to above the orthorhombic to tetragonal phase transition temperature by applying a dc 
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electric field of 5kV/mm for 20 min. The d33 values of the samples were measured by 
Piezo meter (YE2730A d33 Meter, APC International Ltd.). The electromechanical coupling 
coefficient (kp), mechanical quality factor (Qm) was measured by resonance and anti-
resonance method. The strain vs electric field loop behavior was studied by using 
precision premier II, a standard ferroelectric testing machine (Radiant Technology) with 
the help of MTI-2100 Fotonic Sensor. 
 
                                                                                                                                     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1 Flowchart of the conventional synthesis process. 
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Polishing & Electroding 
 
Cold Pressing 
Dry Mixing 
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Ball Milling 
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3.3 Microwave Processing  
The following series of KNN-LS based ceramics are synthesized by microwave 
processing technique:   
I. 0.95[K0.5Na0.5NbO3]-0.05[LiSbO3]   
II. 0.95[(K0.5Na0.5)0.94Ag0.06NbO3]-0.05LiSbO3  
III. 0.95[(K0.5Na0.5)Nb0.98Ta0.02O3]-0.05LiSbO3  
IV. 0.95[(K0.5Na0.5)Nb0.94V0.06O3]-0.05LiSbO3    
 The raw materials such as; K2CO3, Na2CO3, Li2CO3, Sb2O5, Ag2O, Ta2O5 and 
V2O5 (with high purity > 99%) were used for the synthesis of these above compounds. 
The raw materials were first dried at ~ 200
o
C in order to remove the moisture.   
Stoichiometric weights of all the powders were mixed and ball milled with acetone for 8 
h, using zirconia balls as the grinding media. After drying the slurry in an oven, the 
calcination of the powders was carried out at 850
0
C for 20 mins, 40 mins and 60mins, 
respectively by keeping the powders in an alumina crucible, surrounded by rectangular 
SiC slabs, at the centre of a microwave furnace, shown in Fig.3.2. For XRD 
characterizations of the calcined powders were grinded in a mortar-pestle to obtain 
homogeneous powders. The powder calcined at 850
0
C for 60min was mixed thoroughly 
with 2wt% polyvinyl alcohol (PVA) and pressed into disks of diameter ~ 10 mm and 
thickness ~ 1.5 mm under ~60MPa pressure. The microwave sintering was carried out by 
placing the pellets in the centre of a 4.4 kW, 2.45-GHz multi-mode microwave cavity 
surrounded by rectangular SiC slabs with a heating rate of 30
o
C/min.. SiC slabs were 
used because it absorbs the microwave and transfers to the material. The microwave 
furnace temperature was recorded by using a Raytek non-contact sensor (XRTG5). 
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Schematic diagram of microwave furnace is shown in Fig. 3.2. In order to examine the 
phases present in the material, the XRD analyses of the pellets were performed using PW 
3020 Philips diffractometer equipped with Cu Kα (λ=0.15405 nm) radiation. The 
microstructures of the as sintered pellets were examined using JEOL JSM-6480LV 
scanning electron microscope (SEM). The various steps involved in microwave 
processing are represented as a flow chart and is shown in Fig.3.3.  
              
 
 
 
 
 
 
                                               
Fig.3.2 Schematic diagram of microwave sintering system. 
The experimental densities (dex) of the samples were measured by the Archimedes 
method. For electrical measurement, silver paste was applied on both sides of the sintered 
ceramics and fired at 500°C for 30 min for good adhesion. Dielectric constant (εr) and 
dielectric loss (tan ) were measured as a function of temperature using a computer 
interfaced HIOKI 3532-50 LCR-HITESTER. The ferroelectric property was 
characterized by the measurement of polarization as a function of electric field using 
precision premier II, a standard ferroelectric testing machine (Radiant Technology). The 
samples for the piezoelectric property measurements were poled by corona poling unit in 
the temperature range from RT to above the orthorhombic to tetragonal phase transition 
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temperature by applying a dc electric field of 5kV/mm for 20 min. The d33 values of the 
samples were measured by Piezo meter (YE2730A d33 Meter, APC International Ltd.). The 
electromechanical coupling coefficient (kp) was measured by resonance and anti-
resonance method. The strain vs electric field loop behavior was studied by using 
precision premier II, a standard ferroelectric testing machine (Radiant Technology) with 
the help of MTI-2100 Fotonic Sensor.  
 
 
 
 
 
 
 
 
 
 
 
                         
                     Fig.3.3 Flowchart of the microwave synthesis process. 
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3.4 Investigated Parameters 
 This section describes the details about the measurement of various structural, 
microstructural and electrical properties. 
3.4.1 Phase Evolution and Crystal Structural Study 
X-ray diffraction patterns of all the samples were collected to find out the crystal 
structure and the unit cell parameters of the unit cell. XRD analysis was performed on a 
PW 3020 Philips diffractometer using Cu Kα (λ=0.15405 nm) radiation. The diffraction 
data was taken in the 2θ range from 20o to 70o. Cu Kα2 radiation was stripped from the 
collected XRD data by using standard software “X‟pert high score”. The 2 values, 
corresponding to the peaks were noted from the diffraction patterns. The crystal structure 
and unit cell parameters were obtained, using a computer program package „POWD‟ [1]. 
The XRD peaks were deconvoluted in the 2θ range from 44-47 degrees by using the 
Peakfit software with Gaussian approximations [2]. The fraction of the tetragonal phase 
(fT) and orthorhombic phase (fO) is determined from the integrated peak intensities of the 
two phases (IT and IO) using equation (3.1) & (3.2) [3]. 
    fT = IT/( IT +IO)  = 
 { I(002)T + I(200)T} / {I(002)T + I(200)T + I(002)O + I(020)O}                     (3.1) 
 
    fO = IO/ (IO +IT)  
  ={ I(002)O + I(020)O} / { I(002)O + I(020)O + I(002)T + I(200)T}                 (3.2) 
where I(002)T , I(200)T , I(002)O and I(020)O are the integrated intensities  of  the  
tetragonal (002) and (200) peaks and orthorhombic (020) and (200) peaks, respectively.   
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3.4.2 Densification Study 
The experimental densities of the sintered samples were measured using 
Archimedes method. First of all, the dry weights of the sintered samples were measured 
by a digital electronic balance. The sintered samples were then immersed in a glass 
beaker containing kerosene oil and kept under a vacuum for 30 mins to ensure that the 
liquid filled up the open pores completely. The suspended weight of the pellet was then 
measured in kerosene. Then the soaked weight was measured by blotting the pellet with a 
wet paper towel. The experimental densities (dex) were calculated by using the following 
relation: 
 dex = Wdry / (Wsoaked-Wsuspended) g/cc.                            (3.3)  
Where dex is the density of the sample. Here, Wdry and Wsoaked are the dry and soaked 
weight of the material in air and in kerosene oil, respectively. 
Relative densities (RD) of different sintered samples were calculated from the dex 
and X-ray density (dx). Since, the macroscopic samples usually contains minute cracks 
and pores, hence dex is always less than and cannot exceed the dx. X-ray density (dx) was 
calculated using the following formula [4]: 
                                    








VN
MZ
dX                                                  (3.4) 
Where,  
Z = No. of formula units per unit cell 
M = Molecular weight (gm) 
N = Avogadro's number 
V = Unit cell volume (Å)
3 
Relative density (RD) of the samples were calculated using the following relation: 
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                                       RD = (dex/ dx) × 100                              (3.5) 
3.4.3 Grain Morphology Study 
In the present work, the topographical and morphological study was carried out 
by using JEOL JSM-6480LV Scanning Electron Microscope. It was used to determine 
the average grain size and to observe surface morphology of the samples. The average 
(Avg.) grain size of the samples was calculated by diagonal intercept method with the 
help of the “Image J” software. The avg. grain size was measured by drawing lines of 
known length diagonally on the micrograph. The number of grains intersected by the 
lines were counted. Then the avg. grain sizes were calculated by dividing the length of 
the line by the no. of grain coming under that line. 
3.5 Electroding of the Samples 
The sintered pellets were polished to achieve a thickness of ~1mm and cleaned 
with acetone. Sufficient care was taken to keep the faces of the pellets parallel. Then thin 
layer of silver paste was applied on both side of the samples and fired in an oven at 500°C 
for 30 min to ensure good adhesion. The pellets now act as dielectric medium between the 
two parallel metallic plates. Now, the samples are ready for electrical measurements.  
 
3.6 Poling 
The schematic diagram of the corona discharge method is shown in Fig. 3.4. With 
this method, the bottom and top electrodes are metallic plate, whereas the forming 
metallic electrode is usually made of a metallic wire (e.g., brass wire), with one end 
polished to a sharp point so that voltage of only a few kV between the two electrodes is 
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sufficient to create a field near the point electrode, exceeding the breakdown strength of 
the air in a region of a few millimeters around the point electrode. 
 
 
 
 
 
 
                    
            
            
                           Fig. 3.4 Schematic of the corona poling method [5]. 
This unit consists of a sharp pointed corona needle made of brass wire of ~ 2mm 
diameter. The sample was placed on the metallic base plate and a high voltage (5 kV) 
was applied between the corona point and the base plate. This voltage was chosen to be 
slightly higher than the voltage at which corona discharge starts. A bias voltage (1.5 kV) 
was applied between the grid and the metallic plate to accelerate the ions. The samples 
were subjected to corona discharge for 20 minutes at a constant temperature. After that 
slowly, the temperature was decreased while the field was still active. Finally, the field 
was removed. During this process, the samples get polarized.  
3.7 Electrical Properties 
This section describes the details of various electrical properties used to study 
different properties of KNN-LS and modified KNN-LS ceramics. 
      Point electrode 
  Sample to be poled 
  Metallic electrode 
  Heating chamber 
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3.8. Dielectric Measurements 
In the present work, the dielectric measurements of the samples were carried out 
by using a computer interfaced Hioki 3532-50 LCR Hitester. The diagram of the 
dielectric measurement instrument is shown in Fig.3.5. The interfacing of the instrument 
was done by using Lab view software. The dielectric constant and dielectric loss was 
measured as a function of temperature at four different frequencies. The data were 
recorded with a heating rate of 2
o
C/min and at an interval of 2
o
C. The dielectric constant 
(εr) was calculated by using the following relation [6];  
Ɛr = (C × t) / (Ɛ0 × A)                                 (3.6)  
Where C is the measured capacitance, t is the thickness of the sample, A is the surface 
area of the sample and ε0 is the permittivity of the free space (~ 8.854 × 10 
-12
 F/m) [5].        
 
 
 
 
 
                               Fig. 3.5 Diagram of the Hioki 3532-50 LCR Hitester.  
 
3.9 Polarization vs. Electric Field (P-E) Measurements  
  Ferroelectric hysteresis (P-E) loops at RT for all the KNN-LS based samples were 
recorded using precision premier II, a standard ferroelectric testing machine (Radiant 
Technology). A typical ferroelectric measurement is based on the principle of Sawyer-
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Tower circuit [7], which is shown in Fig.3.6. In this circuit, a step voltage (V) is applied 
across the pair of electrodes on the surfaces of a sample capacitor (Cs, with thickness d). 
This is the origin of the quantity plotted on the horizontal x-axis, which is proportional to 
the electric field (E=V/d) across the sample. The sample is then connected in series with a 
parallel RC circuit, which compensates for any phase shift due to conductivity or 
dielectric loss in the sample. The voltage (Vr) across the reference capacitor (Cr) is 
measured, and because the two capacitors are connected in series, the charge on the 
reference capacitor must be the same as the charge over the sample capacitor. Once the 
charge on the sample is known, the polarization can be determined using relation given 
below. 
                                              P = Q/A                                                              (3.7) 
Where Q is the charge developed on the electrodes of the ferroelectric capacitor and A is 
the area of the electrodes.  
 
 
 
 
 
 
   
 
 
 
Fig.3.6 Schematic of the Sawyer–Tower circuit for the measurement of the 
polarization-electric field [5].  
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3.10 Piezoelectric Constant (d33) Measurements  
 The piezoelectric coefficient (d33) of the samples was measured by a quasi-static 
method using a Piezo meter (YE2730A d33 Meter, APC International Ltd.). The piezoelectric 
coefficient is defined by the following equation: 
                                     
Es
s
T
D
d 





33                                                                                                   (3.8) 
where Ds is the charge density (C/m
2
) and Ts is the mechanical stress (N/m
2
) at constant 
electric field (E). Figure 3.7 shows a schematic diagram for the d33 measurement using the 
Piezo-Meter. 
 
 
 
 
 
 
 
                  Fig. 3.7 Schematic diagram for the d33 measurement. 
When a force (F) was applied on an area (A) of a poled sample by the upper and lower 
probes, a piezoelectric charge (Q) was produced due to the piezoelectric effect on the 
contact area (A). Hence, piezoelectric charge coefficient (d33) was measured by 
measuring the charge developed on the surface of the sample. Equation 3.9 can be 
simplified as follows: 
                                      
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CV
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33
                           (3.9) 
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Where C is the shunt capacitance and V is the potential difference across the shunt 
capacitor. The Piezo-Meter measures this potential difference, calculates the d33 (in pC/N) 
of the sample and displays the value digitally. Average d33 values are taken after taking 
measurements from various areas across a ceramic sample. 
3.11 Resonance and Anti-resonance Frequency Measurement  
Resonance (fr) and anti-resonance (fa) frequencies are used to evaluate the 
electromechanical coupling coefficients (kp), mechanical quality factor (Qm) and 
frequency constant (Np). In the present work the fr and fa are measured by using Hioki 
3532-50 LCR Hitester. In the frequency vs impedance graph, the point where impedance 
is minimum is called resonance frequency and the point where impedance is maximum is 
called anti-resonance frequency. Resonance and anti-resonance frequencies are related to 
each other by the equation of the form [8-9]; 
                                                               kp
2
= 
 
r
ra
f
ff 
51.2                         (3.10) 
Where kp is the planar mode coupling factor and it measures the efficiency of a 
piezoelectric material.  
The mechanical quality factor is determined by the following relation [10]: 
                                      Qm= 







22
2
2
1
ra
a
r ff
f
RCf
                    (3.11) 
Where R is the resonance impedance and C is the capacitance at 1 kHz. 
3.12 Strain vs. Electric Field Measurements 
  Strain in a material can be induced both by bipolar and unipolar electric fields. 
Generally, strain versus bipolar electric field (S-E) behavior for a piezoelectric material is 
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a butterfly shaped loop. The strain vs. electric field loop behavior was studied by using 
precision premier II, a standard ferroelectric testing machine (Radiant Technology) with 
the help of  MTI-2100 Fotonic Sensor, as shown in Fig. 3.8. It is a dual-channel, fiber-
optic measurement system that performs non-contact displacement and vibration 
measurements. The MTI-2100 Fotonic Sensors utilize adjacent pairs of light-transmitting 
and light receiving fibers. Light-transmitting fibers and light receiving fibers are bundled 
together. The displacement is based on the interaction between the field of illumination of 
the transmitting fibers and the field of view of the receiving fibers. The platelet sample 
with electrode on both sides is connected into an external voltage source. The distance 
between the sample and the photonic probe is controlled by a screw device. 
 At contact, or zero gap, most of the light exiting the transmitting fibers is reflected 
directly back into the same fiber, providing very little light to the receiving fiber, which 
produces a zero output signal. An increase in the probe to the target distance increases 
[Fig. 3.8(b)], the amount of light being captured by the receiving fiber also increases. 
This process will continue until the entire face of the receiving fibers is illuminated with 
the reflected light. This point is called the “optical peak” and corresponds to maximum 
voltage output of the electrical signal. Further increase in distance will cause the 
diverging filed of reflected light to exceed the field of view of the receiving fiber, thus 
causing a reversal in the output-versus-distance signal relationship. Therefore the point at 
“optical peak” is set as a maximum point. Before the measurement starts, the distance 
between the sample and the Fotonic probe is first reduced by screwing backwards to get 
away from the optical peak to the point that gives rise to minimum intensity of received 
light, then the electrical signal is applied. Any displacement of the sample in response to 
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the electric field will then be compared with the optical peak and gives the relationship of 
displacement versus electric field.  
  
Fig. 3.8 A setup for the measurements of strain vs. electric filed loop. (a) Fiber – 
optical probe tip configurations; (b) Displacement sensing mechanism of adjacent 
fiber-optical elements. 
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CHAPTER-4 
Structural, Dielectric, Ferroelectric and Piezoelectric Properties 
of (1-x)[K0.5Na0.5NbO3]-x[LiSbO3] Ceramics 
 
4.1. Introduction 
              (1-x)K0.5Na0.5NbO3-xLiSbO3/KNN-LS is a solid solution of KNN and LiSbO3 
(LS) systems. A coexistence of orthorhombic and tetragonal phase in KNN-LS ceramics 
have been identified in the composition range for x=0.04-0.06 [1]. It has been reported that 
the so called MPB in Pb(Zr1-xTix)O3 (PZT) ceramic is nearly vertical in the temperature-
composition phase diagram of PZT ceramics [2-4]. It is nearly temperature independent, 
i.e., the poling temperature (Tp) has no effect on different ferroelectric phases. However, 
the presence of MPB in KNN-based ceramics is very different from that in PZT-based 
ceramics. The MPB in KNN-based ceramics is an orthorhombic-tetragonal polymorphic 
phase transition (PPT) [3]. The phase boundary between tetragonal and orthorhombic 
phases in KNN based ceramics is not vertical and shows strong temperature dependent 
behavior. Therefore, poling of the KNN based ceramics near PPT can improve the 
piezoelectric properties. Though there are few reports on the KNN-LS system but the 
effect of LS content and on the ferroelectric and piezoelectric properties of this system 
near MPB has not been studied simultaneously yet. Therefore, in the present chapter, the 
effect of poling temperature and LiSbO3 content on the structural and electrical properties 
of (1-x)KNN-xLiSbO3 (x=0, 0.04, 0.05 and 0.06) ceramics within the MPB region have 
been investigated in detail.  
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4.2. Optimization of Calcination and Sintering Temperatures 
              It is very important to develop single perovskite phase in the synthesized 
ferroelectric ceramics. Since, the presence of secondary phase in the ferroelectric ceramics 
always increases the conductivity and decreases the piezoelectric properties, which is 
undesirable for practical applications. Therefore, to ensure the single perovskite phase 
formation the calcinations temperature of the parent K0.5Na0.5NbO3 ceramics have been 
optimized. It is well known that a dense ceramic body is necessary to achieve maximum 
dielectric and piezoelectric properties. Therefore, in the present section, the optimization 
of the sintering process is discussed in detail.  
4.2.1. Thermal Analysis                                  
       Fig.4.1 shows the thermogravimetric and differential thermal analysis (TG/DTA) 
results of the uncalcined K0.5Na0.5NbO3 (KNN) powder. The TG curve shows that the 
overall weight loss of the powder was ~14% from RT to 900 
0
C. Four endothermic peaks 
are observed from the DTA curve at ~94, 208, 465 and 640 
0
C, respectively. Sodium and 
potassium carbonates are hygroscopic in nature and they absorb water from the 
environment. Therefore, the appearance of peaks at ~ 94 and 208 
0
C correspond to the 
removal of physically and chemically absorbed water present in the KNN powder [5]. The 
powder mixture of KNN composition undergoes the decomposition of carbonate groups 
between 400 
0
C to 700 
0
C. Among the carbonates, Na2CO3 is the less stable and starts losing 
CO2 at lower temperatures (~ 400 
0
C) [6]. Therefore, weight loss observed just above 400 
0
C could be associated with the decomposition of Na2CO3. The CO2 loss originated from the 
Na2CO3 decomposition was also previously identified by mass spectrometry measurements 
which indicated the decomposition of this compound occurs at ~ 400 
0
C [7]. At 
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temperatures above ~ 650 °C, the weight loss produced by decomposition of carbonates has 
been completed and no further weight losses are observed, indicating that the final 
composition of the samples correspond to the nominal one. These facts are indicative that 
the calcination should be performed at temperatures over 650 °C. Therefore, TG/DTA study 
indicates that single perovskite phase can be obtained at ~ 800 
0
C.  
 
 
 
 
 
 
 
 
 
               Fig.4.1 TG/DTA curves of the raw KNN powders. 
4.2.2 Single Perovskite Phase Formation 
Fig.4.2 shows the XRD patterns of the KNN powders calcined at 750 and 850 
o
C 
for 6 h. The formation of single perovskite phase has been confirmed at 850 
o
C, whereas 
at 750 
o
C small amount of secondary phase along with the perovskite phase is detected. 
The appearance of secondary phase peaks at 750
o
C confirms the presence of unreacted 
phases in the ceramics. This suggests that single perovskite phase in KNN ceramics is 
developing at 850
o
C calcination temperature. The XRD patterns of (1-x)KNN-xLS 
powders (x=0-0.06) calcined at 850 
o
C for 6 h are shown in Fig.4.3. Single perovskite 
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phase has been obtained in all the KNN-LS ceramics, which suggests that Li
+
 and Sb
+5
 
have completely diffused into the A and B- sites of KNN-LS ceramics and formed a 
homogeneous solid solution.  
 
 
 
 
 
 
 
    Fig.4. 2 XRD patterns of pure KNN powders calcined at different temperatures. 
 
 
 
 
                    
 
 
Fig. 4.3 XRD patterns of (1-x) KNN-xLS powders calcined at 850 
o
C for 6h. 
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4.2.3 Sintering and Density Study 
The variation of relative density (RD) as a function of sintering temperature is 
shown in Fig.4.4. The sintering of all the (1-x)KNN-xLS ceramics have been carried out 
in the temperature range from 1060-1140 
o
C for 4 h. The optimum sintering temperature 
is found to decrease with the increase in LS content in (1-x)KNN-xLS ceramics. For pure 
KNN ceramics the optimum sintering temperature is found to be 1120 
o
C, whereas with 
the increase of LS content in KNN-LS ceramics it decreases to 1080 
o
C. The lowering of 
sintering temperature in (1-x)KNN-xLS with x=0.04, 0.05 and 0.06 ceramics may be due 
to the lower melting point of  Sb2O5 (~655
o
C) and Li2CO3 (~720
o
C), which improves the 
densification with the formation of liquid phase at high temperature [8]. It is known that 
the formation of liquid phase, which leads to rearrangement of particles providing more 
effective packing is critical for densification of KNN based ceramics. In KNN-LS based 
ceramics, at high sintering temperature, the evaporation of alkali oxides and Sb2O5 takes 
place as they are volatile in nature. Hence, the formation of liquid phase occurs across the 
grain boundary, which enhances the densification process. Again, both smaller and larger 
volume fraction of the liquid phase results in poor microstructural and electrical 
properties [9]. Therefore, the volume of liquid phase during this stage of sintering has to 
be controlled in order to achieve full densification by filling the interstices completely. In 
this case, with the increase in LS content in KNN-LS ceramics initially the RD (Relative 
Density) increases and becomes maximum at x=0.05, but with further increase in 
sintering temperature RD decreases which may be due to the formation of excess liquid 
phase in the ceramics. The RD of pure KNN ceramics is found to be ~ 91% whereas the 
RD of 0.95KNN-0.05LS ceramic is ~ 94.7%, which is a significant improvement. The 
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results suggest that LS modification in KNN ceramics enhances the sinterability and 
hence increases the density.  
 
 
 
 
 
 
          
           
          Fig.4.4 Relative density of (1-x)KNN-xLS ceramics sintered at different  
                       temperatures. 
 
 
4.3 Morphology Study 
 Fig.4.5 shows the SEM micrographs of the (1-x)KNN-xLiSbO3 (x=0, 0.04, 
0.05,0.06) ceramics sintered at optimum temperature. It can be seen that with the increase 
in LS content the pore size decreases. Non-uniform distributions of grains are observed in 
all the ceramics. The average grain sizes of the ceramics are found to vary non-linearly 
with the increase in x content in KNN-LS ceramics. For pure KNN ceramics the average 
grain size is found to be ~ 2.9 µm, whereas for x=0.05 it reaches ~ 4 µm. With further 
increase in x content it decreases to ~ 3.4 µm. Relatively dense packing of grains are 
observed in 0.95KNN0.05LS ceramics in comparison to other ceramics. 
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Fig.4.5 SEM micrographs of (1-x)KNN-xLiSbO3 ceramics sintered at optimum 
temperature.  
4.4 Structural Study 
 Fig.4.6 shows the XRD patterns of the (1-x)KNN-xLS ceramics sintered at 
optimum temperature. XRD peaks reveal the development of single perovskite phase 
without any trace of secondary phases in all the KNN-LS ceramics. This suggests that Li
+
 
and Sb
+5
 ions have completely diffused into the KNN lattice to form a homogeneous 
solid solution. It can be seen that the ceramics with x=0 (KNN) and x=0.04 possess pure 
orthorhombic structure at RT and is confirmed by matching the XRD patterns with the 
JCPDS card no. 71-2171. The orthorhombic phase is characterized by (002)/(020) peak 
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splitting whereas, the tetragonal phase is characterized by (002)/(200) peak splitting. For 
x=0.06, the KNN-LS ceramics possesses only the tetragonal phase, which is indexed by 
JCPDS card no71-0945. Therefore, it can be concluded that the orthorhombic and 
tetragonal phases co-exist in KNN-LS ceramics for 0.04<x<0.06.
  
 
    
 
 
 
 
 
 
 Fig.4.6 XRD patterns of (1-x) KNN-xLS ceramics sintered at optimum temperature. 
In order to quantitatively investigate the effect of LS content on the crystalline phases 
peak de-convolution has been performed on the XRD patterns in the 2θ range of 44.5–
46.5 degrees for all the KNN-LS compositions ceramics. Fig.4.7 shows the XRD patterns 
of KNN-LS ceramics in the 2θ range of 44.5–46.5 degrees. The XRD patterns of all the 
compositions in this 2θ range has been de-convoluted into four peaks, (200)T, (002)T, 
(020)O and (002)O  using  the Peakfit software with Gaussian  approximations where the 
subscripts “T” and “O” denote the tetragonal and orthorhombic phases, respectively [10]. 
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The fraction of the tetragonal (fT) and orthorhombic phases (fO) are determined from the 
integrated peak intensities of the two phases (IT and IO) using equation (4.1) & (4.2) [11].  
    fT = IT/ (IT +IO )  
 = { I(002)T + I(200)T} / {I(002)T + I(200)T + I(002)O + I(020)O}                  (4.1) 
 
    fO = IO/ (IO +IT)   
 ={ I(002)O + I(020)O} / { I(002)O + I(020)O + I(002)T + I(200)T}                 (4.2) 
where I(002)T , I(200)T , I(002)O and I(020)O are the integrated intensities of  the 
tetragonal  (002)  and  (200)  peaks  and orthorhombic (020) and (200) peaks, 
respectively. The calculated values of the fT and fO are mentioned in Fig.4.7. It is found 
that with the increase in x content, fO decreases and fT increases. 
 
 
 
 
                      Fig.4.7 (a)                                                         Fig.4.7 (b) 
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                              Fig.4.7 (c)                                                      Fig.4.7 (d) 
Fig.4. 7 XRD patterns of (1-x)KNN-xLiSbO3 ceramics in the 2θ range of 44.5–46.5                                    
degrees. 
Table-4.1 Structure and unit cell parameters of (1-x)KNN-xLiSbO3 ceramics. 
 
 
 
 
 
 
The structure and unit cell parameters of all the KNN-LS ceramics are listed in Table-4.1. 
It is found that pure KNN ceramics possess orthorhombic structure whereas the KNN-LS 
ceramics with x=0.06 possess tetragonal structure at room temperature (RT). Hence, with 
the increase in LS content the ceramic transforms from orthorhombic to tetragonal 
structure. The XRD patterns of (1-x)KNN-xLiSbO3 ceramics with x= 0.04, 0.05 and 0.06 
Sample 
Name 
a (Å) b (Å) c (Å) Volume 
(Å)
3
 
Structure S.D. 
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0.95KNN-
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were refined with both tetragonal and orthorhombic structures. The unit cell volume of 
0.95KNN-0.05LS ceramics is found to be nearly same for both tetragonal and 
orthorhombic structures, which further hints about the coexistence of both these phases at 
RT in this composition [12]. Again, the unit cell volume is found to decrease with the 
increase in LS content in KNN-LS ceramics, which may be due to the fact that the ionic 
radii of Li
+ 
(0.68 Å) and Sb
+5
(0.62 Å)
 
is smaller than the ionic radii of (Na0.5K0.5)
+ 
and 
Nb
+5
. It is reported that vacancies are created when higher ionic radii elements are 
replaced by lower ionic radii elements, which in turn decreases the unit cell volume in a 
compound [12].    
4.5 Dielectric Properties 
4.5.1 Temperature Dependence of Dielectric Constant (εr) and Dielectric 
          Loss (tanδ)  
 
Fig. 4.8 (a), (b), (c) and (d) show the temperature dependence of dielectric  
constant (εr) at four different frequencies of (1-x)KNN-xLiSbO3 ceramics for x=0, 0.04, 
0.05 and 0.06, respectively. It can be seen that with the increase in x content, the Curie 
temperature (Tc) and the orthorhombic-tetragonal (TO-T) polymorphic phase transition 
(PPT) of the (1-x)KNN-xLiSbO3 ceramics decreases. Fig. 4.9 (a) and (b) shows the 
temperature dependences of the dielectric constant (εr) for all the compositions of (1-
x)KNN-xLiSbO3 ceramics at 1 MHz frequency. In order to eliminate  the effect of space 
charge polarization contributions at high temperatures and low frequency, here the 1 
MHz data are given [13]. According to previous reports, as per dielectric study, in pure 
KNN ceramics two phase transitions occurs above RT in the temperature dependence 
dielectric behavior. As shown in Fig. 4.9, in case of pure KNN ceramics i.e., for x=0 the 
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first phase transition ~ 198
o
C is the orthorhombic-tetragonal (TO-T) phase transition and 
the second one ~ 425
o
C is the ferroelectric–paraelectric phase transition temperature (Tc). 
It is observed that both these phase transition temperatures are highly dependent on the x 
content in (1-x)KNN-xLiSbO3 ceramics. In comparison to pure KNN ceramics, the 
substitution of LS in KNN system has significantly lowered the TO-T and Tc of KNN-LS 
ceramics. The TO-T is found to be ~198
o
C, 115
o
C, 43
o
C and below RT, whereas Tc is 
found to be ~425
o
C, 400.8
o
C, 385.5
o
C and 367
o
C corresponding to x=0, 0.04, 0.05 & 
0.06 in (1-x)KNN-xLiSbO3 ceramics, respectively. The RT value of εr increases linearly 
with the increase in x content in (1-x)KNN-xLiSbO3ceramics, which may be due to the 
stabilization of tetragonal structure at RT. The values of εr, TO-T and Tc are listed in Table 
4.2. Fig.4.9 (b) shows the temperature dependence of dielectric loss (tanδ) at 1MHz 
frequency of (1-x)KNN-xLiSbO3 ceramics with x=0, 0.04, 0.05 and 0.06. It can be seen 
that with the increase in x content the value of tanδ decreases, which may be related to 
the increase in relative density in the samples. It is observed that higher value of tanδ is 
obtained with increasing temperature which may be due to the increase in the mobility of 
ions and imperfections in the material [14]. It can also be seen that the temperatures of 
peak dielectric loss and peak dielectric constant do not coincide. Kramers–Kronig 
relation  indicates  that  this  can be  the  consequence  of  temperature  dependent  
relaxation near Curie temperature [15].  
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      Fig.4.8 (c) 
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                                                               Fig. 4.8 (d) 
                   Fig.4.8 Temperature dependence of dielectric constant (εr) of (1-x)KNN- 
                    xLiSbO3 ceramics sintered at optimum temperature for (a) x=0 (b)      
                    x=0.04 (c) x=0.05 and (d) x=0.06. 
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Fig.4.9 (a) Temperature dependence of dielectric constant (εr) at 1 MHz frequency 
of (1-x)KNN-xLiSbO3 ceramics.  
 
 
 
 
 
 
 
 
 
 
Fig.4.9 (b) Temperature dependence of the dielectric constant of (1-x)KNN-
xLiSbO3ceramics  in a low temperature range. 
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Fig.4.10 Temperature dependence of dielectric loss (tanδ) at 1 MHz frequency of (1-
x)KNN-xLiSbO3 ceramics. 
 
4.6 Diffusivity Study 
It can also be seen from Fig. 4.9 (a) that with the increase in x content in KNN-LS 
ceramics, the broadening of the peaks of εr at Tc increases, which indicates the increase of 
diffuse phase transition nature in KNN-LS ceramics. A modiﬁed Curie-Weiss law, given 
in relation 4.3, has been suggested to examine the diffuseness of the ferroelectric phase 
transition [16, 17]:  
                                   1/ε - 1/εm = (T-Tm)
γ
/C                                       (4.3) 
Where, γ and C are constants. The parameter γ gives information about the character of 
the phase transition: for γ = 1, a normal Curie-Weiss law is followed, which means the 
transition of the system is completely ordered [18]. Whereas on the basis of a local 
compositional ﬂuctuation model, the value of γ=2 corresponds to a completely diffused 
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system [19]. For systems exhibiting intermediate value of diffusivity (1≤γ≤2), the 
materials are complex, hence partially disordered.  
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Fig.4. 11 Plot of ln(1/εr − 1/εm ) vs.  ln(T−Tm) (1-x)KNN-xLiSbO3 ceramics at 1 MHz 
frequency. 
The plot of ln(1/ε - 1/εm) vs ln(T-Tm) for all the KNN-LS ceramics are shown in Fig.4.11. 
The value of γ has been calculated from the slope of the curves. The value of γ increases 
with increase in LS content and is found to be ~1.21, 1.51,1.78 and 1.81for pure KNN, 
0.96KNN-0.04LS, 0.95KNN-0.05LS and 0.94KNN-0.06LS ceramics, respectively. This 
confirms the increase of diffuse phase transition nature with the increase of LS content in 
KNN-LS system. The appearance of diffuse phase transition with the increase in LS 
content can be explained as follows: in perovskite-type compounds, the diffuse phase 
transition occurs when at least two cations occupy the same crystallographic sites: A or B 
in ABO3 type perovskite structure. A cationic disorder induced by B-site substitution is 
always regarded as the main cause for the appearance of diffusive behavior. However, 
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according to previous reports, the diffusive behavior in KNN-based ceramics should 
attribute to a cationic disorder induced by both A-site and B-site substitutions [20]. In the 
solid solution of KNN-LS ceramics, K, Na and Li ions occupy A-sites of ABO3 
perovskite type structure, whereas Nb
+5
 and Sb
+5
 ions occupy B-sites, therefore the ion 
disorder in the perovskite unit cell can be accounted for the appearance of diffusive 
behavior. 
4.7 Poling Temperature Effect on Piezoelectric and Electromechanical 
       Properties 
 
                It is known that the MPB in KNN based ceramics is an orthorhombic-tetragonal 
polymorphic phase transition (PPT) type [3]. Unlike the MPB in PZT, the phase 
boundary between orthorhombic and tetragonal phases in KNN based ceramics is not 
vertical and shows strong temperature dependence. Hence optimization of poling 
temperature (Tp) is needed to achieve desired piezoelectric properties [21]. Fig.4.12 (a) 
and (b) show the effect of poling temperature on the values of piezoelectric coefficients 
(d33) and electromechanical coupling coefﬁcient (kp). The electromechanical coupling 
coefficients (kp) of the samples were calculated from the resonance (fr) and anti-
resonance (fa) frequencies using the equation: 
                                          kp = [2.51 × {(fa-fr)/fr}]
1/2
                (4.4) 
 Where fr and fa are resonant and anti-resonant frequencies (Hz) and kp is a planar mode 
coupling coefficient. At fr and fa frequencies, the electrical impedance modulus of Z exhibits 
a strong variation with a minimum value at fr and a maximum value at fa. The planar mode   
electromechanical coupling coefficient (kp) is calculated by putting the values of fr and fa in 
equation (1). It can be seen that for pure KNN ceramics with the increase of poling 
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temperature, there is an increasing trend for both d33 and kp values. This may be due to the 
fact that the TO-T in pure KNN ceramic occurs ~ 198
o
C and the poling temperature is lower 
than that. As shown in Fig.4.12, the Tp has an obvious effect on the piezoelectric properties 
and except for pure KNN ceramics, the piezoelectric properties reach maximum values 
when Tp→TO-T. This is due to the fact that when Tp lies near orthorhombic–tetragonal PPT 
temperatures, non-180
o 
domains can switch easily and be orientated owing to the 
coexistence of the orthorhombic and tetragonal phases [22].  
 
 
                Fig.4.12 (a)                                                                          Fig.4.12 (b) 
Fig.4.12 (a) piezoelectric coefficients (d33) and (b) Planar mode coupling coefficients 
(kp) of (1-x)KNN-xLiSbO3 ceramics as a function of poling temperature. 
 
The coexistence of the orthorhombic and tetragonal phases increases the number of 
polarization directions. Consequently, the higher degree of the domain alignment gives rise 
to highest piezoelectric properties near PPT. Maximum value of d33 ~ 215 pC/N and kp ~ 
0.415 at RT is obtained in case of 0.95KNN-0.05LS ceramics by choosing optimum Tp near 
PPT. This shows that Tp plays an important role in the enhancement of piezoelectric 
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properties of the KNN-based ceramics. In addition, many studies indicate that the reason for 
high piezoelectric properties in KNN-based ceramics such as KNN-SrTiO3, KNN-LiNbO3, 
etc., is also due to the formation of PPT at room temperature. In this study, maximum 
piezoelectric properties are obtained in case of 0.95KNN-0.05LS ceramics, which may be 
due to the presence of PPT near RT.  
4.8 Temperature Dependence of Electromechanical Properties 
Fig. 4.13 shows the temperature dependence of planar mode electromechanical 
coupling coefficients (kp) for the (1-x)KNN-xLiSbO3 ceramics. It can be seen that in all the 
ceramics maximum value of kp is also obtained near PPT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.13 Temperature dependence of the planar mode coupling coefficient (kp) of the 
(1-x)KNN-xLiSbO3 ceramics. 
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possible spontaneous polarization (Ps) directions for the O phase, and six possible Ps 
directions for the T phase. The presence of more number of possible polarization states near 
PPT improves the piezoelectric properties [23]. This phenomenon has also been observed in 
other ceramics such as BaTiO3 ceramics and KNbO3 ceramics [24]. Highest value of kp ~ 
0.43 is obtained for 0.95[(K0.5Na0.5)NbO3]-0.05LiSbO3 ceramics at ~45
o
C. For all the 
ceramics after PPT, the value of kp decreases rapidly and reaches ~ 0 at the Tc which is due 
to the thermal depoling of the ceramics at higher temperatures. 
When an unrestrained piezoelectric ceramic element is exposed to a high frequency 
alternating electric field, an impedance minimum, the planar or radial resonance 
frequency, coincides with the series resonance frequency (fr). The relationship between 
the radial mode resonance frequency constant (NP) and the diameter (L) of the ceramic 
element is expressed by [25]: 
Np= fr × L                           (4.5) 
It was reported that the ceramic with high frequency constant (Np) can be useful for high 
frequency applications. Fig.4.14 shows the temperature dependence of frequency 
constant (Np) of (1-x)KNN-xLiSbO3 ceramics. It can be seen that near PPT, the value of 
Np attains a minimum value for all the (1-x)KNN-xLiSbO3 ceramics except for x=0.06 
and then increases with further increase in temperature. It is known that Np is inversely 
proportional to elastic compliance. Elastic compliance, s, is defined as the strain 
produced in a piezoelectric material per unit of stress applied and is the reciprocal of the 
modulus of elasticity (Young's modulus, Y). Therefore, the decrease of Np means the 
increase of elastic compliance. The reason behind the minimum value of Np at PPT may 
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be due to the change in mechanical hardness of samples and/or the bonding strength of 
ionic constituents in NbO6 octahedral at the phase transition [26]. The variations of ∆fr / 
fr35°C and ∆kp/kp35°C in the temperature range of 35
o
C to 300
o
C for the KNN-LS ceramics 
are shown in Fig.4.15. It is well known that ∆fr / fr35°C and ∆kp/kp35°C are two important 
performance factors of the piezoelectric ceramics. It represents the change of fr and kp 
values with increase in temperature with respect to room temperature values which 
determines the stability of the properties. The behavior of ∆fr /fr35°C is found to be exactly 
opposite to the behavior of ∆kp/kp35°C. Similar to the behavior of Np, the value of ∆fr 
/fr35°C decreases with the increase in temperature up to PPT except for the KNN-LS 
ceramics with x=0.06. Whereas the value of ∆kp/kp35°C increases with increase in 
temperature up to PPT except for the KNN-LS ceramics with x=0.06 and then decreases 
with further increase in temperature due to thermal depoling of the ceramics. 
 
 
 
 
 
 
 
 
Fig.4.14 Temperature dependence of the frequency constant (Np) of (1-x)KNN-
xLiSbO3 ceramics. 
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Fig.4.15 Variations of ∆fr / fr35°C and ∆kp/kp35°C with temperature of (1-x)KNN-
xLiSbO3 ceramics. 
3.9 Strain vs. Electric Field Behavior 
 Fig.4.16 shows the bipolar ﬁeld-induced strains of (1-x)KNN-xLS ceramics. The 
development of typical butterfly-shaped loops indicates the piezoelectric nature of the 
ceramics. The strain–electric ﬁeld (S-E) hysteresis loops, which resembles the shape of a 
butterﬂy develops mainly due to three types of effects. The first one is the normal 
converse piezoelectric effect of the lattice, and the other two are due to the switching and 
movement of domain walls. Small displacements of all types of domain walls affect the 
polarization of the material whereas in addition to the pure piezoelectric response of the 
material within each domain, the movement and switching of non-180
o
 walls may 
involve a signiﬁcant change in dimensions of the sample [27]. The ceramics with x=0 i.e. 
pure KNN ceramics possess a remnant strain ~ 0.034% whereas for x=0.04, it reaches ~ 
0.052%. With further increase in x content, the remnant strain increases up to ~0.07% at 
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x=0.05 and then decreases at x=0.06. The maximum value of remnant strain at x=0.05 
may be due to the presence of PPT close to RT which increases the non-180
o 
domain wall 
motion because of the reduction of the potential barrier between O and T polarization 
states [28].  
 
 
 
 
 
 
 
 
            
 Fig.4.16 Strain vs. Electric field (S-E) loops of (1-x)KNN-xLiSbO3 ceramics. 
3.10 Ferroelectric Properties 
 In order to examine the ferroelectric nature of the KNN-LS ceramics, the 
polarization vs. electric field loops are measured and shown in Fig.4.17. Saturated 
hysteresis loops developed in all the KNN-LS ceramics. It is found that initially with the 
increase in x content up to x=0.05, Pr increases but with the further increase in x content 
Pr starts decreasing. The increase in Pr might be ascribed to the increase of the bulk 
density that diminishes the leakage current and enhances the polarization process [29, 
30]. Maximum value of remnant polarization ~18.7μC/cm2 is obtained in 0.95KNN-
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0.05LS ceramics; again this may be due to the presence of PPT near RT which may be 
due to the presence of more number of polarization directions in the ceramics [23]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.17 Polarization-Electric field (P-E) hysteresis loops of (1-x)KNN-xLiSbO3 
ceramics.  
 
Table-4.2 Electrical and physical properties of (1-x)(Na0.5K0.5 )NbO3 –xLiSbO3 
ceramics with x = 0-0.06. 
 
x 0 0.04 0.05 0.06 
εr  (1 MHz) 277 488 832 931 
Tc (
o
C) 425 400.8 385.5 367 
TO-T (
o
C) 198 115 43 Below RT 
Pr (μC/cm
2
) 11.6 13.9 18.7 17.2 
d33 (pC/N) 72 134 215 161 
kp 0.30 0.33 0.415 0.36 
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4.11 Chapter Summary  
     The effect of LiSbO3 substitution in KNN ceramics near MPB region was 
examined in (1-x)(Na0.5K0.5)NbO3-xLiSbO3 for x = 0, 0.04, 0.05 & 0.06 ceramics, 
synthesized by conventional solid state reaction route. The piezoelectric and ferroelectric 
properties with d33 =215pC/N, kp =0.415 and Pr =18.7 μC/cm
2
 were found to be 
maximum for x = 0.05. The ceramics for x = 0.05 also exhibited maximum density and 
the max. average grain size. The XRD study on the crystalline structure of the (1-
x)(Na0.5K0.5)NbO3-xLiSbO3 ceramics show  that  the  fraction  of  the  tetragonal  phase  
increased  and  that of  the orthorhombic phase decreased with the increase of  x content. 
The Curie temperature was found to decrease with the increase of x content.  The O-T 
phase transition temperature TO-T, was located close to RT (~ 43 
o
C) for x=0.05. The 
maximum piezoelectric performance observed at x=0.05 was attributed to the near-room-
temperature TO-T , the maximum grain size and the maximum density in this composition.  
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CHAPTER-5 
Structural and Microstructural Study of Ag, Ta and V 
Modified 0.95[(K0.5Na0.5)NbO3] -0.05[LiSbO3] Ceramics  
 
 
5.1Introduction 
The various electrical properties of a ferroelectric material depend mainly on its 
crystal symmetry and the quality of the microstructure. Therefore, crystal structure and 
microstructural study are the two important characterizations of the ferroelectric 
materials. In KNN based ceramics, crystal symmetry plays an important role for the 
enhancement of ferroelectric and piezoelectric properties [1]. In this system, when the 
orthorhombic to tetragonal polymorphic phase transition occurs around room temperature 
(RT), coexistence of both orthorhombic and tetragonal structure have been reported at 
RT. The presence of both these structures at RT improves the ferroelectric and 
piezoelectric properties [2]. The sintering of KNN based ceramics is difficult by 
conventional solid state reaction route (CSSR) due to the presence of the volatile alkali 
elements [3]. The sintering process is mainly carried out in the presence of liquid phase in 
KNN based ceramics [4]. However, the presence of more amount of liquid phase 
decreases the bulk density of the ceramics. Hence, sintering temperature has to be 
optimized. Grain size is also an important factor which affects the ferroelectric and 
piezoelectric properties [5]. In this chapter, the density, structural and microstructural 
properties of the Ag, Ta and V modified 0.95[(K0.5Na0.5)NbO3] -0.05[LiSbO3] ceramics  
are presented in detail. 
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5.2 XRD Analysis 
 
   X-ray diffraction experiments were performed on a PANalytical's X'Pert PRO 
diffractometer in a wide range of Bragg angle (20≤2θ≤70o) with Cu Kα1 radiation 
(𝜆=1.5405A0) at a continuous scan type having step size of 0.02 degree at room 
temperature.  All the peaks of the XRD patterns of all the compounds were indexed in 
different crystal systems and unit cell configurations using 2 values and/or inter-planer 
spacing (d) of each peak by a computer programme package “POWD” [6]. The best 
agreement between the experimental and calculated values of d (i.e. (dexp-dcal) =d = 
minimum) was chosen for the confirmation of the crystal structures.  
5.2.1 Ag Modified 0.95KNN-0.05LS Ceramics 
              Fig.5.1 shows the XRD patterns of 0.95[(K0.5Na0.5)1-xAgxNbO3]-0.05LiSbO3 
(KNAN-LS) ceramics calcined at 850 
o
C for 6h. Single perovskite phase is developed in 
all the KNAN-LS ceramics without any trace of secondary phase peaks. Fig.5.2 shows 
the XRD patterns of KNAN-LS ceramics with x=0.0, 0.02, 0.04, 0.06 and 0.08 sintered at 
1080
o
C for 4h, respectively. Single perovskite phase is also identified in all the sintered 
KNAN-LS ceramics without any trace of secondary phase peaks. This suggests that Ag
+
 
ions have completely diffused into the KNN-LS lattice to form a homogeneous solid 
solution. It can be seen that the ceramics with x=0 (pure KNN-LS) possess both 
orthorhombic and tetragonal structure at RT, which is already discussed in (see chapter-
4). Whereas, for x=0.02 the ceramics possess pure orthorhombic structure which is 
confirmed by matching the XRD patterns with the JCPDS card no. 71-2171. For x=0.08, 
the KNAN-LS ceramics possesses the tetragonal structure only which is indexed by  
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JCPDS card no. 71-0945.Therefore, it can be concluded that there exists a mixed 
structure region between orthorhombic and tetragonal structure for 0.02<x<0.08 in 
KNAN-LS ceramics [7, 8]. The transformation of crystal structure from mixed structure 
to pure orthorhombic structure and again to tetragonal structure may be occurring due to 
the distortion created in the lattice with Ag
+
 substitution on the A-site of KNAN-LS 
ceramics. Fig.5.3 shows the enlarged XRD patterns of the (KNAN-LS) ceramics in the 2θ 
range from 44
o
 to 47
o
. The positions of the diﬀraction peak of the ceramics initially shift 
towards higher angles with the increase in x content up to x=0.04. The XRD peaks shift 
towards left for x=0.06 and with further increase in x content i.e., at x=0.08, it again shifts 
towards right. This irregularity in the shifting of the position of XRD peaks is observed 
due to the transformation of orthorhombic to tetragonal phases. The XRD patterns of 
KNAN-LS ceramics were indexed in different crystal systems and unit cell 
configurations. The structure and unit cell parameters are listed in Table- 5.1. The unit 
cell volume follows overall decreasing trend with increase in Ag content, except at 
x=0.06 where unexpected behavior is observed. The decrease of unit cell volume with the 
increase of x content can be attributed to the smaller ionic radii of Ag
+
 ions in comparison 
to the (K0.5Na0.5)
+
 ions and the decrease of  lattice space distance because of the shifting 
of XRD peaks towards right [3].   
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Fig.5.1 XRD patterns of KNAN-LS ceramics calcined at 850 
o
C for 6h. 
 
 
 
 
 
 
 
 
 
Fig.5.2 XRD patterns of KNAN-LS ceramics sintered at 1080 
o
C for 4h. 
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 Fig.5.3 Enlarged XRD patterns of KNAN-LS ceramics in the 2θ range of 44–47 
degrees. 
 
Table 5.1 Structure and unit cell parameters of KNAN-LS ceramics sintered at 1080 
o
C for 4h 
 
x  a (Å)  b (Å)  c (Å)  Vol. (Å)
3 
 S.D.   Structure  
0  3.9638 
3.9629  
4.0141 
3.9629  
3.9657 
4.0179  
63.09 
63.10  
 0.0023 
 0.0031 
Orthorhombic 
Tetragonal  
0.02 3.9392 3.9912 4.0039 62.95 0.0059 Orthorhombic 
0.04 3.9424 3.9839 4.0021 62.85 0.0023 Orthorhombic 
0.06 3.9539 
3.9594 
4.0148 
3.9594 
3.9755 
4.0183 
63.10 
62.99          
0.0017   
0.0078 
Orthorhombic 
Tetragonal 
0.08 3.9584 3.9584 4.0066 62.77 0.0075 Tetragonal 
44.75 45.00 45.25 45.50 45.75 46.00 46.25
x=0.08
x=0.06
x=0.04
In
te
n
s
it
y
 (
a
.u
.)
2degrees
x=0
x=0.02
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5.2.2 Ta Modified 0.95KNN-0.05LS Ceramics 
                   Fig.5.4 shows the XRD patterns of 0.95[K0.5Na0.5Nb(1-x)TaxO3]-
0.05[LiSbO3]/KNNT-LS ceramics calcined at 850 
o
C for 6h. Single perovskite phase is 
developed in all the KNNT-LS ceramics without any trace of secondary phase peaks. Fig. 
5.5 shows the XRD patterns of KNNT-LS ceramics with x=0-0.08 sintered at optimum 
temperature. Single perovskite phase is developed in all the ceramics, which suggests that 
Ta
+5
 ions have completely diffused into the B-site of the 0.95[K0.5Na0.5Nb(1-x)TaxO3]-
0.05[LiSbO3]/(KNNT-LS) ceramics to form a homogeneous solid solution. Fig.5.6 shows 
the enlarged XRD patterns of the (KNNT-LS) ceramics in the 2θ range from 44o to 47o. It 
can be seen that the positions of the diﬀraction peak of the ceramics shift towards higher 
angles with the increase in x content. This indicates the decrease in lattice space distance 
(d) and unit cell volume with the increase in x content in KNNT-LS ceramics [9]. The 
XRD peaks of KNNT-LS ceramic are indexed in both tetragonal and orthorhombic 
crystal systems in different unit cell conﬁgurations. The indexing of XRD peaks and the 
determination of lattice parameters of KNNT-LS ceramics are carried out using a 
software package “POWD”. The calculated unit cell volume and lattice parameters are 
given in Table 5.2. The unit cell volume of KNNT-LS ceramic with x=0 and x=0.02 are 
found to be nearly same for both orthorhombic and tetragonal structures, which indicates 
the possibility of the presence of both phases at room temperature [10]. It is found that 
with the increase in x content the unit  cell volume is decreasing, which may be due to the 
fact that the ionic radii of Ta
+5 
 is smaller than the ionic radii of Nb
+5
 [11] . It is reported 
that vacancies are created when higher ionic radii elements are replaced by lower ionic 
radii elements, which in turn decreases the unit cell volume in a compound. 
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Fig.5.4 XRD patterns of KNNT-LS Ceramics calcined at 850
o
C for 6h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5.5 XRD patterns of KNNT-LS Ceramics sintered at 1080 
o
C for 4h (x=0 and 
0.02), 1100 
o
C (x=0.04 and 0.06) and 1120
o
C (x=0.08). 
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Fig.5.6 Enlarged XRD patterns of KNNT-LS ceramics in the 2θ range of 44–47 
degrees. 
 
Table 5.2 Structure and unit cell parameters of KNNT-LS ceramics sintered at 1080 
o
C for 4h (x=0 and 0.02), 1100 
o
C (x=0.04 and 0.06) and 1120
o
C (x=0.08). 
 
x a (Å) b (Å) c (Å) Vol. (Å)
3
 S.D Structure 
0 3.9638 
3.9629 
4.0141 
3.9629 
3.9657 
4.0179 
63.09 
63.10 
0.0023 
0.0031 
Orthorhombic 
Tetragonal 
0.02 3.9597 
3.9611 
4.0135 
3.9611 
3.9631 
4.0142 
62.98 
62.98 
0.0058 
0.0065 
Orthorhombic 
Tetragonal 
0.04 3.9582 3.9582 4.0104 62.83 0.0078 Tetragonal 
0.06 3.9572 3.9572 4.0067 62.74 0.0047 `Tetragonal 
0.08 3.9445 3.9445 3.9891 62.06 0.0089 Tetragonal 
44.0 44.5 45.0 45.5 46.0 46.5 47.0
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2degrees
x=0
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x=0.06
x=0.08
 
 
108 
 
5.2.3 V Modified 0.95KNN-0.05LS Ceramics 
Fig. 5.7 shows the XRD patterns of 0.95[K0.5Na0.5Nb(1-x)VxO3]-
0.05[LiSbO3]/(KNNV-LS) ceramics calcined at 850
o
C for 6h. Single perovskite phase is 
obtained in all the samples except at x=0.08. For x=0.08 perovskite phase along with 
secondary phases are detected, which may be due to the solubility limit of V in KNNV-
LS ceramics. Fig5.8 shows the XRD patterns of KNNV-LS ceramics with x=0-0.08 
sintered at optimum temperature. The XRD peaks are found to be sharp and distinct 
indicating good homogeneity and crystallinity of the samples. The formation of 
secondary phase along with the perovskite phase is also detected at x=0.08. The 
development of single perovskite phase in KNNV-LS ceramics for x=0-0.06 suggests that 
V
+5
 ions have completely diffused into the B-site of the KNNV-LS ceramics to form a 
homogeneous solid solution and defines the solid solution limit of V in KNNV-LS 
ceramics. Fig.5.9 shows the enlarged XRD patterns of the (KNNV-LS) ceramics in the 2θ 
range from 44.5
o
 to 46.5
o
. It can be seen that the positions of the diﬀraction peak of the 
ceramics shift towards right with the increase in x content. This indicates the decrease in 
lattice space distance (d) and unit cell volume with the increase in x content. The XRD 
peaks of KNNV-LS ceramic are indexed in different crystal systems and unit cell 
conﬁgurations. The calculated unit cell volume and lattice parameters are given in Table-
5.3. The crystal structure of the ceramics transforms from mixed structure for x=0 to 
orthorhombic structure for x=0.02, which may be due to the large distortion created by V 
substitution in place of Nb in KNN-LS ceramics. With further increase in x content 
orthorhombic structure is stabilized in KNNV-LS ceramics. The unit cell volume 
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decreases with the increase in x content in KNNV-LS ceramics, which may be due to the 
lower ionic radii of V
+5 
(0.54 Å) in comparison to that of Nb
+5
(0.69 Å). 
 
 
 
 
 
 
 
                        
              Fig.5.7 XRD patterns of KNNV-LS Ceramics calcined at 850 
o
C for 6h.            
                          
 
                   
 
 
 
 
 
 
Fig.5.8 XRD patterns of KNNV-LS Ceramics sintered at 1080
o
C (x=0), 1050
o
C 
(x=0.02), 1030 (x=0.04), 1010 (x=0.06) and 990
o
C (x=0.08) for 4h. 
20 30 40 50 60 70
* Secondary Phase
** x=0.08
x=0.06
x=0.04
In
te
n
s
it
y
 (
a
.u
.)
2 (degrees)
x=0.02
*  
 
20 30 40 50 60 70
(0
2
2
)
(1
2
1
)
(1
1
2
)
(0
2
1
)
(1
0
2
)
(0
2
0
)
(0
0
2
)
(1
1
1
)
(1
0
1
)
(1
0
0
)
(0
1
0
)
In
te
n
s
it
y
 (
a
.u
.)
2 (degrees)
x=0
x=0.02
x=0.04
x=0.06
x=0.08
 
 
110 
 
 
 
 
 
 
 
 
 
Fig.5.9 Enlarged XRD patterns of KNNV-LS ceramics in the 2θ range of 44.5–46.5 
degrees. 
 
Table 5.3 Structure and unit cell parameters of KNNV-LS ceramics sintered at 
sintered at 1080
o
C (x=0), 1050
o
C (x=0.02), 1030 (x=0.04), 1010 (x=0.06) and 990
o
C 
(x=0.08) for 4h. 
x a (Å) b (Å) c (Å) Vol. (Å)
3
 S.D. Structure 
0 3.9638 
3.9629 
4.0141 
3.9629 
3.9657 
4.0179 
63.09 
63.10 
0.0023 
0.0031 
Orthorhombic 
Tetragonal 
0.02 3.9465 3.9931 3.9926 62.92 0.0062 Orthorhombic 
0.04 3.9432 3.9926 3.9900 62.82 0.0043 Orthorhombic 
0.06 3.9435 3.9967 3.9816 62.61 0.0019 Orthorhombic 
0.08 3.9305 3.9902 3.9823 62.46 0.0058 Orthorhombic 
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5.3 Sintering and Densification Behavior 
  The bulk density of a ferroelectric material plays an important role for the 
improvement of ferroelectric and piezoelectric as well as dielectric properties. Bulk 
density is one of the crucial parameters on which the material properties depend and 
hence plays an important part in devices of the system. Especially in KNN based 
ceramics the phase stability is limited to 1140 
o
C and hence higher sintering temperature 
is not possible [12]. The sintering process in KNN based ceramics is a crucial step to 
produce materials with high piezoelectric properties. It has been found that in this system 
a narrow sintering range exists where the materials experience considerable changes in 
the grain size, density, porosity, appearance of secondary phases, liquid phase and the 
piezoelectric and ferroelectric properties. Therefore, sintering temperature has to be 
optimized to obtain desired electrical properties. The bulk density is measured by 
Archimedes principle. 
5.3.1 Ag Modified 0.95KNN-0.05LS Ceramics 
Fig.5.10 shows the effect of sintering temperature on the relative density (RD) of 
the KNAN-LS ceramics with x=0.0-0.08. The relative density increases with the increase 
in sintering temperature from 1060 to 1080
o
C, whereas with the further increase in 
sintering temperature, RD decreases. The results indicate that Ag substitution doesn‟t 
affect the optimum sintering temperature i.e 1080
o
C. At 1080
o
C sintering temperature, 
the RD increases initially with the increase in Ag content up to x=0.06, but with the 
further increase in x content RD decreases, which defines the optimum amount of Ag 
content in KNAN-LS ceramics. Maximum RD ~ 96.5% is obtained for the KNAN-LS 
ceramics with x=0.06, which is higher than the RD reported for pure KNN-LS ceramics. 
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 Fig.5.10 Relative density (RD) of KNAN-LS ceramics as a function of sintering 
temperature. 
 
5.3.2 Ta Modified 0.95KNN-0.05LS Ceramics 
Fig. 5.11 shows the relative density (RD) of KNNT-LS ceramics as a function of 
sintering temperature. The sintering temperature has been optimized for each 
composition to obtain maximum RD. The optimum sintering temperature increases with 
the increase in x content. This is due to the fact that the melting temperature of KTaO3 
(~1370
o
C) is higher than KNbO3 (1039
o
C) ceramics [21], which increases the sintering 
temperature. The RD increases with the increase in x content up to 0.06, with further 
increase in x content the RD decreases. Maximum RD ~96.8 % is obtained for the 
KNNT-LS ceramics with x=0.06, which is higher than the RD reported for pure KNN 
ceramics. 
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Fig. 5.11 Relative density (RD) of KNNT-LS ceramics as a function of sintering 
temperature. 
 
5.3.2 V Modified 0.95KNN-0.05LS Ceramics 
                 Fig. 5.11 shows the relative density (RD) of KNNV-LS ceramics as a function 
of sintering temperature. V2O5 is a low melting point oxide, previously which has been 
used in other ferroelectric systems to significantly lower the optimum sintering 
temperature. In this case, sintering is carried out in a temperature range from 990-1080 
o
C. It is found that with the increase in V content in KNNV-LS ceramics optimum 
sintering temperature decreases linearly. For x=0.02 the optimum sintering temperature 
reaches ~ 1050
o
C and for x=0.08 it reaches ~ 990
o
C. This may be due to the effect of 
lower melting point of V2O5. The value of RD is found to be maximum for KNNV-LS 
ceramic with x=0.06 sintered at 1010
o
C for 4h. The maximum value of RD is found to be 
lower than the other modified ceramics in this study.  
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Fig. 5.12 Relative density (RD) of KNNV-LS ceramics as a function of sintering 
temperature. 
 
5.4 Morphology Study 
5.4.1 Ag Modified 0.95KNN-0.05LS Ceramics 
Fig.5.13 shows the SEM micrographs of the KNAN-LS ceramics sintered at 
1080
o
C for 4 h. SEM micrograph shows the polycrystalline microstructure with nearly 
rectangular grains of different grain sizes, which are non-uniformly distributed 
throughout the sample surface. The grains and grain boundaries are well defined and 
clearly visible. For x=0 the ceramics contain few pores, but with increase in x content the 
pore size decreases and the dense packing of grains occurs. The packing of grains 
become more and more dense with the increase in x content which may be due to the 
lower melting point of Ag2O. The lower melting point of Ag2O enhances the sintering of 
KNAN-LS ceramics with the formation of liquid phase which is a well-known fact in 
KNN based ceramics as discussed in chapter-4.  
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Fig. 5.13 SEM micrographs of KNAN-LS ceramics sintered at 1080
o
C for 4 h. 
  5.4.2 Ta Modified 0.95KNN-0.05LS Ceramics 
Fig.5.14 shows the SEM micrographs of the KNNT-LS ceramics sintered at 
optimum temperature. All the ceramics are found to be dense with well-defined grain 
boundaries. The average grain size of the ceramics decreases with the increase in Ta 
content. It can be seen that with increase in Ta content the sintering temperature of the 
ceramics also increases. The packing of grains are found to increase with increase in x 
content but the distribution of grain size become non-uniform.   
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Fig. 5.14 SEM micrographs of KNNT-LS ceramics sintered at 1080
o
C (x=0 and 
0.02), 1100
o
C (x=0.04 and 0.06) and 1120
o
C (x=0.08). 
5.4.3 V Modified 0.95KNN-0.05LS Ceramics 
Fig.5.15 shows the SEM micrographs of the KNNV-LS ceramics sintered at 
optimum temperature. All the ceramics are found to possess appreciable amount of pores 
and the porosity is found to be maximum for the ceramics with x=0.08. The average grain 
x=0 
x=0.02 x=0.04 
 
x=0.06 
 
x=0.08 
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size of the ceramics decreases with the increase in x content. Well defined grain boundary 
is obtained for unmodified KNN-LS ceramics but for the V modified ceramics the grain 
boundaries are not visible clearly. The sintering here in this case is taking place in the 
presence of liquid phase. The decrease of RD in V modified ceramics may be due to the 
formation of more amount of liquid phase. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.5.15 SEM micrographs of KNNV-LS ceramics sintered at 1080
o
C (x=0), 1050
o
C 
(x=0.02), 1030 (x=0.04), 1010 (x=0.06) and 990
o
C (x=0.08) for 4h. 
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CHAPTER-6 
Dielectric, Ferroelectric and Piezoelectric Properties of Ag, Ta 
and V Modified 0.95[(K0.5Na0.5)NbO3] -0.05[LiSbO3] Ceramics 
 
6.1 Introduction 
Dielectric study of the ferroelectric materials gives information about the phase 
transition temperatures, dielectric constant and dielectric loss dependence on temperature 
and frequency. For multilayer capacitors (MLC) and high power applications high value 
of dielectric constant (εr) with low dielectric loss (tanδ) is required [1]. Whereas, study of 
ferroelectric and piezoelectric properties gives information about remnant polarization 
(Pr), coercive field (Ec), piezoelectric coefficient (d33) and electromechanical coupling 
coefficients (kp). High value of Pr, with low Ec, is required for non-volatile ferroelectric 
random access memory (NVFRAM) applications, whereas high values of d33 and kp are 
required for transducer applications [2-3]. In pure KNN ceramics above room 
temperature (RT) two phase transition peaks are observed in the temperature dependent 
dielectric curve. The first phase transition (~200
o
C) is called as the orthorhombic to 
tetragonal (TO-T) polymorphic phase transition temperature (PPT) whereas the second one 
(~420
o
C) is the ferroelectric to paraelectric phase transition temperature. According to 
previous reports, in KNN based systems the shifting of the TO-T towards room 
temperature (RT) side enhances the dielectric as well as the ferroelectric and piezoelectric 
properties [4]. However, with the shifting of the TO-T in KNN based systems, the 
piezoelectric properties become highly temperature dependent. Therefore, in KNN based 
systems the temperature dependent piezoelectric property needs to be studied [5]. In the 
present chapter, looking at the importance of the above mentioned properties the 
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dielectric, ferroelectric and piezoelectric properties of the Ag, Ta and V modified 
0.95KNN-0.05LS ceramics are discussed in detail.  
6.2 Dielectric Properties 
6.2.1 Temperature Dependent Dielectric Constant (εr) and Dielectric Loss (tanδ) 
 
6.2.1.1 0.95(K0.5Na0.5)(1-x)AgxNbO3-0.05LiSbO3 / KNAN-LS (x=0, 0.02, 0.04, 0.06 and 
            0.08) Ceramics 
 
The variation of r with temperature at different frequencies of KNAN-LS 
ceramics sintered at 1080
o
C for 4h is shown in Fig. 6.1(a, b, c, d, e). It is found that in all 
the ceramics with the increase in frequency r value decreases. The decrease in the value 
of εr can be explained on the basis of decrease in polarization with the increase in 
frequency. Polarization of a dielectric material is the sum of the contributions of dipolar, 
electronic, ionic and interfacial polarizations [6]. At low frequencies, all the polarization 
mechanism respond easily to the time varying electric field but as the frequency of the 
electric field increases different polarization contributions filters out, as a result, the net 
polarization of the material decreases which leads to the decrease in the value of εr. The 
temperature dependence of εr and tanδ at 10 kHz frequency for KNAN-LS ceramics with 
x=0, 0.02, 0.04, 0.06 and 0.08 are shown in Fig. 6.2 (a) and (b). For pure KNN-LS 
ceramics two phase transitions are observed at ~43
o
C and ~385.5
o
C, respectively. The 
first phase transition temperature is known as the orthorhombic-tetragonal phase 
transition temperature (TO-T) and the second one is the Curie temperature (Tc) of the pure 
KNN-LS ceramics. The occurrence of TO-T close to RT confirms the possibility of the 
simultaneous presence of orthorhombic and tetragonal structures in pure KNN-LS 
ceramics [4]. It is found that for the ceramics with x=0.02 the TO-T and Tc are shifted to 
120
o
C and 380
o
C respectively. However, with further increase in x content, there is a 
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decrement in both these phase transition temperatures are observed. It can also be seen 
that with the increase in x content from x=0.02 to 0.08 the value of εr at RT increases, 
which may be due to the stabilization of tetragonal structure with the shifting of TO-T 
towards lower temperature side [7]. Maximum value of εr at RT is obtained when x=0.08, 
which indicates that the presence of TO-T must be just below RT. This is because value of 
εr near phase transition temperature is more than the nearby temperatures [8]. The values 
of εr, tanδ, TO-T and Tc are given in Table-6.1. It can be seen that with increase in 
temperature the value of tanδ increases in all the ceramics, which may be due to the 
increase of space charge polarization and mobility of charged defects in the material [9].   
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                                                     Fig.6.1 (b) 
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Fig.6.1 (d) 
 
 
 
 
                                               
 
 
 
 
 
                                                           Fig.6.1 (e) 
Fig.6.1 Temperature dependent εr at various frequencies of KNAN-LS ceramics with 
(a) x=0 (b) x=0.02 (c) x=0.04(d) x=0.06 and (e) x=0.08 sintered at 1080
o
C. 
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Fig.6.2 (a) Temperature dependent εr of KNAN-LS ceramics at 10 kHz frequency 
with (a) x=0 (b) x=0.02 (c) x=0.04(d) x=0.06 and (e) x=0.08 sintered at 1080
o
C. 
 
 
 
 
 
 
 
 
 
 
Fig. 6.2 (b) Temperature dependence of dielectric loss (tanδ) at 10 kHz frequency of 
KNAN-LS ceramics with (a) x=0 (b) x=0.02 (c) x=0.04(d) x=0.06 and (e) x=0.08 
sintered at 1080
o
C.   
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      Table-6.1 εr , tanδ, Tc and TO-T of KNAN-LS ceramics at 10 kHz frequency  
       sintered at 1080
o
C. 
 
x 0 0.02 0.04 0.06 0.08 
εr (10 kHz) 903 633 740 858 941 
tanδ (10 kHz) 0.0465 0.048 0.039 0.035 0.041 
Tc (
o
C) 385.5 380 376 368 331 
TO-T (
o
C) 43 120 101 65 Below RT 
 
6.2.1.2 0.95(K0.5Na0.5)Nb(1-x)TaxO3-0.05LiSbO3 / KNNT-LS (x=0.02, 0.04, 0.06 and  
           0.08) Ceramics 
 
  The variation of r with temperature at different frequencies of KNNT-LS samples 
sintered at optimum temperatures (ceramics with highest relative density) for 4h are 
shown in Fig. 6.3 (a, b, c, d). With the increase in frequency r value decreases in all the 
ceramics, this may be due to the decrease in the net polarization in the materials at higher 
frequency. The temperature dependence of dielectric constant (εr) of the KNNT-LS 
ceramics at 10 kHz frequency is shown in Fig. 6.4(a). Similar to pure KNN ceramics, the 
KNNT-LS ceramics with x=0 shows two phase transitions. The first one located ~43
o
C is 
the orthorhombic-tetragonal phase transition (TO-T) whereas the second one located 
~385.5
o
C is called as the ferroelectric-paraelectric phase transition (Tc). However, with 
the increase in x content both these phase transition temperatures are found to decrease, 
which may be due to the stabilization of tetragonal phase at RT. The reason behind the 
decrease of Tc can be further explained in terms of the decrease of the c/a ratio in the 
ceramics (chapter-5). Since it is known that c/a ratio is the direct reflection of 
tetragonality i.e., with decrease in c/a ratio, tetragonality decreases which in turn 
decreases the Tc [10]. The RT value of εr in the KNNT-LS ceramics is found to increase 
126 
 
with the increase in x content up to x=0.06, whereas with the further increase in x content 
the value of εr decreases. The temperature dependence of dielectric loss (tanδ) behavior 
of KNNT-LS ceramics at 10 kHz frequency is shown in Fig. 6.4 (b). In low temperature 
region (RT to 125
o
C) initially the values of tanδ decreases with the increase in x content; 
this may be due to the improvement of bulk density with the increase in x content and 
shifting of TO-T below RT (chapter-5) [11]. Higher value of tanδ is obtained for x=0.08, 
which may be due to the increase in porosity and decrease in relative density in the 
ceramics. The tanδ value of KNNT-LS ceramics for x=0.02 remains very less in a broad 
temperature range, which is very important for high temperature applications [12]. The 
values of εr, tanδ and Tc of KNNT-LS ceramics are given in Table-6.2.   
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                                                  Fig. 6.3 (d) 
Fig.6.3 Temperature dependent εr of KNNT-LS ceramics sintered at (a) x=0 
(1080
o
C) (b) x=0.02 (1080
o
C) (c) x=0.04 (1100
o
C) (d) x=0.06 (1100
o
C) and (e) x=0.08 
(1120
o
C). 
 
                       
 
                                          
 
 
 
 
 
 
 
 
 
Fig. 6.4 (a) Temperature dependence of dielectric constant (εr) at 10 kHz frequency 
of KNNT-LS ceramics sintered at x=0 (1080
o
C), x=0.02 (1080
o
C), x=0.04 (1100
o
C), 
x=0.06 (1100
o
C) and x=0.08 (1120
o
C). 
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Fig. 6.4 (b) Temperature dependence of dielectric loss (tanδ) at 10 kHz frequency of 
KNNT-LS ceramics sintered at 1080
o
C (x=0 and 0.02), 1100
o
C (x=0.04 and 0.06) and 
1120
o
C (x=0.08). 
 
 Table-6.2 εr ,tanδ, and Tc of KNNT-LS ceramics at 10 kHz frequency at 1080
o
C 
(x=0 and 0.02), 1100
o
C (x=0.04 and 0.06) and 1120
o
C (x=0.08). 
 
 
 
 
 
 
6.2.1.3 0.95(K0.5Na0.5) Nb(1-x)VxO3-0.05LiSbO3 / KNNV-LS (x=0.02, 0.04, 0.06 and 
            0.08) Ceramics 
 
The variation of r as a function of temperature at different frequencies of KNNV-
LS samples sintered at optimum temperatures (ceramics with highest relative density) for 
4h are shown in Fig. 6.5(a, b, c, d). Decrement in the value of r is observed with the 
increase in frequency in all the ceramics, this may be also due to the decrease in the net 
polarization in the materials at higher frequency. The comparison between the 
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εr (10 kHz) 903 1023 1112 1070 794 
tanδ (10 kHz) 0.0465 0.038 0.0036 0.034 0.048 
Tc (
o
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temperature dependence of dielectric constant (εr) of the different KNNV-LS ceramics at 
10 kHz is shown in Fig. 6.6(a). It is found that TO-T and Tc of KNNV-LS ceramics for 
x=0.02 are found to be ~395
o
C and 131
o
C, respectively which is higher than the 
unmodified KNN-LS ceramics. The increase of TO-T and Tc with the initial increase of x 
content is attributed to the large mismatch in the ionic radius of V
+5
 (~ 0.54 Pm) and Nb
+5
 
(0.69Pm). This mismatch increases the distortion in the unit cell which increases the TO-T 
and Tc [13]. However, with further increase in V content both these transition 
temperature decreases. Generally, when higher ionic radii atom is replaced by lower ionic 
radii atom, the unit cell volume decreases, which in turn decreases the Tc in the materials 
[14]. This suggests that beyond x=0.02, the effect of decrement of unit cell volume 
dominates over ionic size mismatch and hence there is decrease of TO-T and Tc for higher 
V content. The RT value of εr is found to be maximum for the KNNV-LS ceramics with 
x=0.06 ceramics, which may be due to the enhanced relative bulk density in the ceramics 
(see chapter-5). The temperature dependence of dielectric loss (tanδ) behavior of KNNV-
LS ceramics at 10 kHz frequency is shown in Fig. 6.6 (b). The tanδ values at RT 
increases initially with increase in x content and then decreases for x=0.06 and again 
increases for x=0.08. It can be seen that in all the KNNV-LS ceramics, the value of tanδ 
increases with increase in temperature, this may be due to the increase of space charge 
polarization and mobility of defects at higher temperatures. The values of εr, tanδ and Tc 
of KNNV-LS ceramics are given in Table-6.3.   
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                                                   Fig.6.5 (c) 
                                                                                                     
                                                              
 
 
 
 
 
 
 
 
       
                                                          
                                                              Fig.6.5 (d) 
Fig.6.5 Temperature dependent εr of KNNV-LS ceramics sintered at (a) x=0.02 
(1050
o
C) (b) x=0.04 (1030
o
C) (c) x=0.06 (1010
o
C) and (d) x=0.08 (990
o
C). 
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Fig. 6.6 (a) Temperature dependence of dielectric constant (εr) at 10 kHz frequency 
of KNNV-LS ceramics sintered at 1050
o
C (x=0.02), 1030
o
C (x=0.04), 1010
o
C 
(x=0.06) and 990
o
C (x=0.08).    
 
 
 
 
 
 
 
 
 
 
Fig. 6.6 (b) Temperature dependence of dielectric loss (tanδ) at 10 kHz frequency of 
KNNV-LS ceramics sintered at 1050
o
C (x=0.02), 1030
o
C (x=0.04), 1010
o
C (x=0.06) 
and 990
o
C (x=0.08).    
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Table-6.3 εr ,tanδ, and Tc of KNNV-LS ceramics at 10 kHz frequency sintered at 
   1050
o
C (x=0.02), 1030
o
C (x=0.04), 1010
o
C (x=0.06) and 990
o
C (x=0.08).    
  
 
 
 
 
 
6.3 Ferroelectric Properties  
In this section, the polarizations versus electric field (P-E) hysteresis loop study of 
conventionally synthesized Ag, Ta and V modified KNN-LS ceramics has been 
discussed.  
6.3.1 0.95(K0.5Na0.5)(1-x)AgxNbO3-0.05LiSbO3 / KNAN-LS (x=0, 0.02, 
         0.04, 0.06 and 0.08) Ceramics 
 
Fig. 6.7 shows the P-E hysteresis loops of the KNAN-LS ceramics sintered at 
1080
o
C for 4h, respectively. The development of saturated P-E hysteresis loops confirm 
the ferroelectric nature of the KNAN-LS ceramics. The values of remnant polarization, 
Pr, spontaneous polarization, Ps, and coercive field, Ec, of all the KNAN-LS ceramic 
samples are given in Table 2. The increment in the value of remnant polarization (Pr) is 
observed from x =0.02 (Pr ~ 13.7µC/cm
2
) up to a maximum value (Pr ~ 21.9µC/cm
2
) at 
x=0.06, and then it  decreases again when x= 0.08. The maximum value of Pr at x=0.06 
could be attributed to the shifting of orthorhombic to tetragonal polymorphic phase 
transition temperature (PPT) towards RT, higher relative bulk density and optimum 
x 0 0.02 0.04 0.06 0.08 
εr 903 701 519 745 406 
tanδ 0.046 0.067 0.073 0.048 0.08 
Tc (
o
C) 385.5 395 378 350 343 
TO-T (
o
C) 43 131 109 87 81 
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amount of Ag content in the ceramics. The presence of PPT near RT increases the 
number of polarization directions due to the presence of both orthorhombic and 
tetragonal structures, which increases the ferroelectric properties [15].  
6.3.2 0.95(K0.5Na0.5)Nb(1-x)TaxO3-0.05LiSbO3 / KNNT-LS (x=0, 0.02, 0.04,  
         0.06 and 0.08) Ceramics 
 
           In order to examine the ferroelectric nature of the KNNT-LS ceramics, the 
polarization vs. electric field loops are measured and shown in Fig.6.8. Saturated 
hysteresis loops developed in all the KNNT-LS ceramics. Maximum value of remnant 
polarization ~ 24.65μC/cm2 is obtained for KNNT-LS ceramics with x=0.02; again this 
may be due to the presence of PPT near RT which facilitates the easy alignment of 
domains. It has been suggested that the domain structure of the KNN-based ceramics near 
PPT region is the coexistence of orthorhombic (O) and tetragonal (T) polarized domains. 
There are 12 possible spontaneous polarization (Ps) directions for the o structures and six 
possible Ps in directions for the t structures. The presence of more number of possible 
polarization states near PPT improves the ferroelectric properties [16].  
6.3.3 0.95(K0.5Na0.5)Nb(1-x)VxO3-0.05LiSbO3 / KNNV-LS (x=0, 0.02, 0.04,  
         0.06 and 0.08) Ceramics 
 
Fig.6.9 shows the P-E hysteresis loops of the KNNV-LS ceramics sintered at 
optimum temperatures. The development of P-E hysteresis loops again confirm the 
ferroelectric nature of the KNNV-LS ceramics. It is found that with the increase in V 
content the value of Pr decreases up to x=0.04, but for x=0.06 it increases and reaches a 
maximum value ~ 14.60 µC/cm
2
. However with the further increases in x content Pr value 
decreases. The overall decrease of Pr and increase of Ec value in the KNNV-LS ceramics 
in comparison to the other modified KNN-LS ceramics is attributed to the low relative 
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bulk density due to the development of higher amount of liquid phase in the grain 
boundary region. The development of excess liquid phase also increases the dielectric 
loss i.e., conductivity in the ceramics [17]. 
 
 
 
.  
 
 
 
  
 
 
 
        
 
       Fig. 6.7 P-E Hysteresis loops of KNAN-LS ceramics sintered at 1080
o
C for 4h. 
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Fig. 6.8 P-E Hysteresis loops of KNNT-LS ceramics sintered at 1080
o
C (x=0 and 
0.02), 1100
o
C (x=0.04 and 0.06) and 1120
o
C (x=0.08). 
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Fig. 6.9 P-E Hysteresis loops of KNNV-LS ceramics sintered at 1050
o
C (x=0.02), 
1030
o
C (x=0.04), 1010
o
C (x=0.06) and 990
o
C (x=0.08).  
 
6.4 Strain vs. Electric Field (S-E) Study 
  In this section, the study of strain versus electric field (S-E) loops of 
conventionally synthesized Ag, Ta and V modified KNN-LS ceramics have been 
discussed.  
6.4.1 0.95(K0.5Na0.5)(1-x)AgxNbO3-0.05LiSbO3 / KNAN-LS (x=0, 0.02,  
         0.04, 0.06 and 0.08) Ceramics  
 
          Fig.6.10 shows the bipolar ﬁeld-induced-strain (S−E) loops of KNAN-LS ceramics 
with x=0, 0.02, 0.04, 0.06 and 0.08. Typical butterﬂy-shaped S−E loops are observed in 
all the ceramics with varying remnant strain. The strain–electric ﬁeld (S-E) hysteresis 
loops, which resembles the shape of a butterﬂy develops due to the three types of effects. 
The first one is the normal converse piezoelectric effect of the lattice, and the other two 
are due to the switching and movement of domain walls. Small displacements of all types 
of domain walls affect the polarization of the material whereas the movement and 
switching of non-180
o
 walls may involve a signiﬁcant change in dimensions of the 
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sample, in addition to the pure piezoelectric response of the material within each domain 
[18]. The ceramics with x=0 possess a remnant strain ~ 0.07% whereas for x=0.02 it 
reaches ~ 0.04%. With further increase in x content, the remnant strain increases up to 
~0.085% at x=0.06. The maximum value of remnant strain at x=0.06 may be again due to 
the shifting of PPT ~ 65
o
C which facilitates the non-180
o 
domain wall motion because of 
the reduction of the potential barrier between o and t polarization states [19].  
6.4.2 0.95(K0.5Na0.5)Nb(1-x)TaxO3-0.05LiSbO3 / KNNT-LS (x=0, 0.02, 0.04,  
         0.06 and 0.08) Ceramics 
 
           Fig.6.11 shows the bipolar ﬁeld-induced-strain (S−E) loops of KNNT-LS ceramics 
with x=0, 0.02, 0.04, 0.06 and 0.08. The ceramics with x=0 i.e. Pure KNN-LS ceramic 
possess a remnant strain ~ 0.07% whereas for x=0.02 it reaches ~ 0.084%. With further 
increase in x content, the remnant strain decreases. The maximum value of remnant strain 
at x=0.02 may be due to the presence of To-t close to RT which increases the non-180
o 
domain wall motion because of the reduction of the potential barrier between O and T 
polarization states [20]. According to Devonshire theory, a little discrepancy of the free 
energy exists in the mixed phases near MPB of any system. In KNN based ceramics the 
orthorhombic to tetragonal polymorphic phase transition plays a similar role like MPB in 
PZT based systems. Therefore, domain wall motion and ferroelectric phase transitions in 
these compositions are prone to be induced by electric field [21]. 
6.4.3 0.95(K0.5Na0.5)Nb(1-x)VxO3-0.05LiSbO3 / KNNV-LS (x=0, 0.02, 0.04, 
         0.06 and 0.08) Ceramics 
 
              Fig.6.11shows the bipolar ﬁeld-induced-strain (S−E) loops of KNNV-LS 
ceramics with x=0, 0.02, 0.04, 0.06 and 0.08. It can be seen that with increase in x content 
the remnant strain in the ceramics decreases. The ceramics with x=0.02 possess a remnant 
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strain ~ 0.035% whereas for x=0.04 it reaches ~ 0.03%. With further increase in x 
content, the remnant strain attains a maximum value ~ 0.046%. The maximum value of 
remnant strain at x=0.06 may be due to the shifting of TO-T towards RT which increases 
the non-180
o 
domain wall motion because of the reduction of the potential barrier 
between O and T polarization states [19].  
 
 
 
 
 
 
 
                       Fig.6.10 (S−E) loops of KNAN-LS ceramics sintered at 1080oC. 
 
 
 
 
 
 
 
 
 
Fig.6.11 (S−E) loops of KNNT-LS ceramics sintered at sintered at 1080oC (x=0 and 
0.02), 1100
o
C (x=0.04 and 0.06) and 1120
o
C (x=0.08). 
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 Fig.6.12 (S−E) loops of KNNV-LS ceramics sintered at 1080oC (x=0), 1050oC 
(x=0.02), 1030
o
C (x=0.04), 1010
o
C (x=0.06) and 990
o
C (x=0.08). 
6.5 Piezoelectric Properties 
6.5.1 Poling Temperature Dependent Piezoelectric and Electromechanical  
         Properties 
 
            In this section, the effect of poling temperature on the piezoelectric coefficients 
(d33) and planar mode coupling coefficients (kp) have been investigated. It is reported that 
better piezoelectric properties are obtained when the orthorhombic to tetragonal phase 
polymorphic phase transition temperature (PPT) lies near RT in KNN based ceramics 
[22]. This suggests that maximum domain alignment occurs around the PPT region 
because of the presence of both orthorhombic and tetragonal structures. Therefore, it is 
expected that the poling of these ceramics near PPT region will be very effective to 
achieve better piezoelectric properties.  
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6.5.1.1 0.95(K0.5Na0.5)(1-x)AgxNbO3-0.05LiSbO3 / KNAN-LS (x=0, 0.02,  
            0.04, 0.06 and 0.08) Ceramics 
 
Fig. 6.13 shows the effect of poling temperature on the values of d33 and kp 
piezoelectric coefficients of KNAN-LS ceramics. It has recently been reported that the 
MPB in KNN based ceramics is an orthorhombic to tetragonal polymorphic phase 
transition (PPT) [23]. Unlike the MPB in PZT, the phase boundary between orthorhombic 
and tetragonal phases in KNN based ceramics is not vertical and shows strong 
temperature dependence. Hence, optimization of poling temperature (Tp) in KNN based 
ceramics is very important to achieve the desired piezoelectric properties. When Tp lies 
near orthorhombic–tetragonal PPT temperatures, non-180o domains can switch and be 
orientated owing to the coexistence of the orthorhombic and tetragonal phases [24]. 
Consequently, the higher degree of the domain alignment can be obtained, which results 
in large piezoelectric properties. As shown in Fig. 6.13, the Tp has an obvious effect on 
the piezoelectric properties of the KNAN-LS ceramics and the piezoelectric properties 
reach maximum values when Tp → TO–T. Maximum values of piezoelectric coefficients 
(d33) ~ 227pC/N and planar mode coupling coefficients (kp) ~ 0.425 are obtained in case 
of KNAN-LS (with x=0.06) ceramics by choosing optimum Tp near PPT. The 
improvement of the piezoelectric properties while poling at optimum Tp may be due to 
the co-existence of orthorhombic (O) and tetragonal (T) structures which increases the 
number of poling directions and hence better poling takes place. The values of d33, Qm 
and kp of all the KNAN-LS ceramics are listed in Table-6.4. The d33 and kp values of 
KNAN-LS ceramics (with x=0.06) are found to be  higher than pure KNN-LS ceramics 
even though the PPT of pure KNN-LS occurs ~43
o
C, which may be due to the effect of 
optimum amount of Ag content in KNAN-LS ceramics. The above results suggest that in 
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KNN based ceramics where two phase transition exists above the RT, there the Tp must 
be chosen near the orthorhombic to tetragonal polymorphic phase transition temperature. 
 
 
 
 
 
 
 
 
  
 
 
Fig.6.13 kp and d33 piezoelectric coefficients as a function of poling temperature of 
the KNAN-LS ceramics sintered at 1080
o
C. 
                          
           Table-6.4 kp, d33, Qm and Pr values of KNAN-LS ceramics sintered at 1080
 o
C. 
 
x  0  0.02  0.04  0.06  0.08 
kp  0.415  0.35 0.36  0.425  0.38  
d33  
(pC/N)  
215  143  157  227  186  
Pr 
(μC/cm2)  
18.7  13.7  15.1  21.9  16.97  
Qm 71 88 112 81 69 
 
6.5.1.2 0.95(K0.5Na0.5)Nb(1-x)TaxO3-0.05LiSbO3 / KNNT-LS (x=0, 0.02, 0.04, 0.06 and  
            0.08) Ceramics 
 
           Fig. 6.14 shows the effect of poling temperature on the values of d33 and kp 
piezoelectric coefficients of KNNT-LS ceramics. From dielectric study (section 6.2.1.2) 
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it is found that with the increase in Ta content, the TO-T of the KNNT-LS ceramics 
decreases and it lies below RT. Therefore, the optimum poling temperature (Tp) must be 
selected near RT. 
 
 
 
 
 
 
 
 
 
Fig.6.14 kp and d33 piezoelectric coefficients as a function of poling temperature of 
KNNT-LS ceramics sintered at 1080
o
C (x=0 and 0.02), 1100
o
C (x=0.04 and 0.06) and 
1120
o
C (x=0.08).                       
 
 As shown in Fig. 6.14, maximum piezoelectric properties are obtained by poling at 
around ~ RT in all the ceramics except for x=0. Since for x=0, the TO-T of the ceramics 
occurs ~ 43
o
C. The best properties are obtained in the compositions in which the TO-T lies 
close to room temperature, which means that the position of TO-T plays an important role 
in improving the piezoelectric properties, similar to MPB in PZT ceramics. Both of them 
are based on a two-phase coexistence zone where there are more number of spontaneous 
polarization states are available. The planar mode electromechanical coupling factor (kp), 
piezoelectric constant (d33) and remnant polarization (Pr) initially increases with increase 
in x content, reach the maxima approximately at x = 0.02 and then decreases with the 
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further increase in x content. The maximum value at x=0.02 is attributed to the presence 
of both the orthorhombic and tetragonal structure at RT, which is confirmed by XRD 
study (chapter-5). The values of d33, Qm and kp of all the KNNT-LS  ceramics are listed 
in Table-6.5 
Table-6.5 kp, d33, Qm and Pr values of KNNT-LS ceramics sintered at 1080
o
C (x=0 
and 0.02), 1100
o
C (x=0.04 and 0.06) and 1120
o
C (x=0.08). 
 
 
 
 
 
 
 
 
6.5.1.3 0.95(K0.5Na0.5)Nb(1-x)VxO3-0.05LiSbO3 / KNNV-LS (x=0, 0.02, 0.04, 0.06 and        
            0.08 Ceramics 
           Fig. 6.15 shows the effect of poling temperature on d33 and kp values of KNNV-LS 
ceramics. In this case also the best piezoelectric properties are obtained by poling the 
ceramics near orthorhombic to tetragonal polymorphic phase transition temperature 
(PPT). Maximum piezoelectric properties are obtained for the KNNV-LS ceramics with 
x=0.06, this may be due to the higher relative density and low dielectric loss in the 
ceramics. The properties of KNNV-LS ceramics are found to be lower than the other 
modified ceramics. Relatively poor piezoelectric properties of KNNV-LS ceramics than 
the KNAN-LS and KNNT-LS ceramics may be due to the combined effect of the high 
dielectric loss and low relative density in the ceramics. The values of d33, Qm and kp of all 
the KNNV-LS ceramics are listed in Table-6.6 
x  0  0.02  0.04  0.06  0.08 
kp  0.415  0.47  0.43  0.4  0.36  
d33  
(pC/N)  
215  252  229  184  158  
Pr 
(μC/cm2)  
18.7  24.6  21.8  15.9  13.5  
Qm 71 98 122 134 147 
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Fig.6.15 kp and d33 piezoelectric coefficients as a function of poling temperature of  
KNNV-LS ceramics sintered at 1080
o
C (x=0), 1050
o
C (x=0.02), 1030
o
C (x=0.04), 
1010
o
C (x=0.06) and 990
o
C (x=0.08). 
 Table-6.6 kp, d33, Qm and Pr values of KNNV-LS ceramics sintered at 1080
o
C (x=0), 
1050
o
C (x=0.02), 1030
o
C (x=0.04), 1010
o
C (x=0.06) and 990
o
C (x=0.08). 
 
x  0  0.02  0.04  0.06  0.08 
kp  0.415  0.28  0.22  0.31  0.165  
d33  
(pC/N)  
215  103  85  121  42  
Pr 
(μC/cm2)  
18.7  12.6  6.8  14.6  4.7  
Qm 71 125 141 112 124 
 
6.5.2 Temperature Dependent Piezoelectric Properties 
            The temperature dependent piezoelectric properties study of any piezoelectric 
material is important, since it provides the information about the applicability of the 
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material in the high temperature region [12]. Generally, the temperature range of a 
piezoelectric to be used in various applications is from -50
o
C to 200
o
C [25]. In this region 
the material should possess nearly temperature independent properties [25]. In the present 
study the temperature dependent (from RT to Tc) planar mode coupling coefficients 
measurement has been carried out. Fig.6.16 shows the temperature dependent planar 
mode coupling coefficients (kp) Ag, Ta and V modified KNN-LS ceramics showing 
better piezoelectric properties. It can be seen that in case of Ta modified KNN-LS 
ceramics, the kp value remains nearly unchanged up to ~ 200
o
C, which suggests its 
usefulness for high temperature applications. Whereas, in Ag, and V modified KNN-LS 
ceramics the kp value is highly temperature dependent. 
 
 
 
 
 
 
 
 
 
Fig. 6.16 Temperature dependent kp coefficients of KNN-LS, KNAN-LS (x=0.06), 
KNNT-LS (x=0.02) and KNNV-LS (x=0.06) ceramics. 
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CHAPTER-7 
Microwave Processing of KNN-LS Based Ceramics 
7.1 Introduction 
The applications of microwave energy in remote sensing, telecommunication and 
food processing industries had significant impacts on our standards of living [1]. Earlier, 
microwaves were limited to only communications, but later it was found that this energy 
could also be used for heating purposes [2]. Now-a-days, the microwave oven is a 
common household kitchen appliance that is being used for cooking purposes. 
Microwave technology has proven to be useful in a number of applications and is 
currently used for processing of different materials as an alternative route to conventional 
processing techniques. Microwave (MW) processing of perovskite based ceramics has 
been studied since 1980 [3-6]. The unique sintering mechanism makes MWP valuable in 
regard to the time and energy savings as well as improving product properties for the 
material systems which are dielectrically lossy at microwave frequency. Moreover, the 
dependence of microwave absorption of materials on the dielectric properties makes it 
possible to synthesize and sinter these fairly lossy and highly refractory ceramics much 
more efficiently in a microwave field than by conventional methods. According to 
previous reports, the application of microwave heating for sintering of some ceramics 
results in low-temperature processing compared to conventional sintering methods [7, 8]. 
The improvements in the electrical properties like ferroelectric and piezoelectric 
properties are also reported by microwave processing technique [9-11]. Therefore, in the 
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present chapter, we have studied the effect of microwave processing on the ceramics 
synthesized by conventional route and showing best electrical properties.  
In this chapter, all the best conventionally processed (CP) ceramics are processed 
by microwave technique. The single phase formation and optimum sintering conditions 
have been optimized by varying the sintering time. The dielectric, ferroelectric, 
piezoelectric and electromechanical properties are also investigated and compared with 
the same ceramics processed conventionally.  
7.2 Optimization of Calcination Time  
7.2.1 0.95[K0.5Na0.5NbO3]-0.05[LiSbO3] / KNN-LS Ceramics 
  Fig. 7.1 shows the XRD patterns of KNN-LS ceramics calcined at 850 
o
C for 20, 
40 and 60 mins in a microwave furnace. Single perovskite phase formation is confirmed 
at 850 
o
C for 60 mins whereas at other calcination times XRD peaks of secondary phases 
are detected. The formation of secondary phases at lower calcination time confirms the 
presence of unreacted phases in the compound. The formation of single perovskite phase 
occurs at 850
o
C for 6h in the same compound by conventional processing (CP) technique, 
which shows the effectiveness of microwave processing technique. The XRD peaks in 
case of microwave processed ceramics are found to be sharp and distinct than the 
conventional one. This may be due to the increase in crystallinity and homogeneity in the 
ceramics [12]. The crystal structural study at RT confirms the presence of mixed structure 
in the ceramics. 
7.2.2 0.95[(K0.5Na0.5)0.94Ag0.06NbO3]-0.05[LiSbO3] / KNA6N-LS Ceramics 
Fig. 7.2 shows the XRD patterns of KNA6N-LS ceramics calcined at 850 
o
C for 
20, 40 and 60 mins. The formation of single perovskite phase is confirmed at 850 
o
C for 
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60 mins whereas at other calcination times XRD peaks of secondary phases are detected. 
The appearance of small amount of impurity peaks ~ 25
o
, 27.5
o
 and 28.5
o
 in case of 20 
mins calcined samples and ~ 28.6
o
 for 40 mins calcined samples indicates that the 
decomposition of carbonates and oxides are not completed. From XRD analysis, mixed 
structure is obtained in the KNA6N-LS ceramics at RT. The coarsening of the particles is 
greatly reduced due to the rapid heating by microwave processing technique [13]. 
7.2.3 0.95[(K0.5Na0.5)Nb0.98Ta0.02O3]-0.05[LiSbO3] / KNNT2-LS Ceramics 
Fig. 7.3 shows the XRD patterns of KNNT2-LS ceramics calcined at 850 
o
C for 
20, 40 and 60 mins. The formation of single perovskite is developed at 850 
o
C for 60 
mins whereas at other calcination times XRD peaks of secondary phases are detected. 
The XRD peaks are found to be sharp and distinct which may be due to the increase in 
crystallinity and homogeneity in the samples. The crystal structural study at RT confirms 
the presence of mixed structure in the ceramics.  
7.2.4 0.95[(K0.5Na0.5)Nb0.98V0.06O3]-0.05[LiSbO3] / KNNV6-LS Ceramics 
 Fig. 7.4 shows the XRD patterns of KNNV6-LS ceramics calcined at 850 
o
C for 
20, 40 and 60 mins. Single perovskite phase is confirmed at 850 
o
C for 60 mins whereas 
at other calcination times XRD peaks of secondary phases are detected. The room 
temperature XRD analysis confirms the presence of orthorhombic structure.    
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Fig. 7.1 XRD patterns of MW processed KNN-LS ceramics calcined at 850 
o
C for 
20, 40 and   60 mins. 
 
 
  
 
 
 
 
 
 
 
 
Fig. 7.2 XRD patterns of MW processed KNA6N-LS ceramics calcined at 850 
o
C for 
20, 40 and 60 mins. 
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Fig. 7.3 XRD patterns of MW processed KNNT2-LS ceramics calcined at 850
o
C for 
20, 40 and 60 mins. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.4 XRD patterns of MW processed KNNV6-LS ceramics calcined at 850 
o
C for 
20, 40 and 60 mins. 
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7.3 Sintering, Morphology and Density Study 
7.3.1 0.95[K0.5Na0.5NbO3]-0.05[LiSbO3] / KNN-LS Ceramics  
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
                       Fig. 7.5 SEM micrographs of MW processed KNN-LS ceramics.  
 Fig.7.5 shows the SEM micrographs of KNN-LS ceramics sintered at 1080 
o
C for 
5, 10, 20, 30 and 40 mins, respectively. The micrographs reveal a non-uniform 
distribution of grains. The grain size of the KNN-LS ceramics sintered for 5 and 10 mins 
are found to be small in comparison to the 20 mins sintered ceramics. This result 
demonstrates that the grains of KNN-LS ceramics sintered at 5 and 10 mins do not grow 
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o
C-5 min 
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o
C-20 min 
1080
o
C -10 min 
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o
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1080
 o
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sufficiently, and the atomic binding force is smaller than intergranular force for these 
ceramics. With the increase in sintering time, the pore size significantly decreases and the 
average grain size increases. The microstructure of the sample sintered for 20 mins is 
denser and fine, the grain boundary is clear, the average grain size is about 4 μm, This 
indicates that the grains of the sample sintered 20 mins grow sufficiently, and the atomic 
binding force is greater than intergranular force [14]. However, with further increase in 
sintering time, the inhomogeneity of the grain size distribution increases. The 
microstructure of the sample sintered for 40 mins becomes more inhomogeneous and 
many distinct pores exist in grain boundary as can be seen in Fig. 7.5. This is because that 
the abnormal grain appears when the sintering time exceeds 20 mins. 
 
 
 
 
 
 
  
 
 
Fig. 7.6 Relative density (RD) of KNN-LS ceramics as a function of sintering time. 
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 The relative density (RD) of the KNN-LS ceramics as a function of sintering time 
is shown in Fig. 7.6. RD is found to increase with the initial increase in sintering time up 
to 20 mins and then it decreases. The RD ~ 98.3% is obtained for the KNN-LS ceramics 
sintered for 20 mins, which is much higher than the same samples sintered by 
conventional technique. The decrease of RD at higher sintering time may be due to the 
melting of alkali elements, since these are volatile in nature [15]. 
7.3.2 0.95[(K0.5Na0.5)0.94Ag0.06NbO3]-0.05[LiSbO3] / KNA6N-LS Ceramics 
 
 
 
 
 
 
 
 
 
 
                   Fig. 7.7 SEM micrographs of MW processed KNA6N-LS Ceramics.  
 Fig.7.7 shows the SEM micrographs of the KNA6N-LS samples sintered at 
1080
o
C for 10, 20, 30 and 40 mins, respectively. Initially, with the increase in sintering 
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time dense microstructure develops gradually, which indicates that the increase of 
sintering time is very effective in improving the density of ceramics. The ceramic 
sintered for 20 mins possesses denser microstructure. The density of the ceramics 
decreases as they are sintered over the optimum time i.e., above 20 mins. There are two 
reasons for the poor microstructure of the ceramic sintered over the optimum time. First, 
high sintering time cannot be applied in KNN based ceramics in order to avoid the 
volatilization of alkali elements. Second, in the present study the grain growth cannot 
eliminate the pores completely because the morphology of the grain is almost cubical. In 
the polycrystalline ceramics, it is difficult for cubic grains to be stacked orderly; therefore 
some pores are also preserved.  
 
 
 
 
 
 
Fig. 7.8 Relative density (RD) of KNA6N-LS Ceramics as a function of sintering 
time.  
 The relative density of the KNA6N-LS ceramics as a function sintering time is 
shown in Fig. 7.8. RD increases with the initial increase in sintering time up to 20 mins 
and then it decreases. The RD of 20 mins sintered ceramics is found to be highest, which 
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is ~ 97.8% of the theoretical density. The decrease of RD at higher sintering time may 
also be due to the melting of alkali elements, since these are volatile in nature [16].  
7.3.3 0.95[(K0.5Na0.5)Nb0.98Ta0.02O3]-0.05[LiSbO3] / KNNT2-LS Ceramics  
 
 
 
 
 
 
 
 
 
 
 
 
 
                       Fig. 7.9 SEM micrographs of MW processed KNNT2-LS Ceramics.  
              Fig.7.9 shows the SEM micrographs of the KNNT2-LS ceramics sintered at 
1080
o
C for different time intervals. It is well known that optimization of sintering process 
is very important to end up with a ceramic having better dielectric and ferroelectric 
properties [17]. Therefore, in the present case the optimum condition for sintering is 
defined by varying the sintering time. It is found that with the increase in sintering time 
up to 30 min an increment in the grain size and reduction in pore size is observed. 
However, with further increase in sintering time the packing of grains become poor and 
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pores are observed at the grain boundary. Relatively dense microstructure is obtained in 
case of the KNNT2-LS sample sintered for 30 mins.  
 
 
 
 
 
 
 
 
 
 
Fig. 7.10 Relative density (RD) of KNNT2-LS Ceramics as a function of sintering 
time.  
 
Fig.7.10 shows the RD of KNNT2-LS ceramics as a function of sintering time. 
The RD of the ceramics is found to be ~ 91% for the 10 mins sintered ceramics whereas 
it reaches ~ 97.6% for the 30 min sintered ceramics. It can be seen that the optimum 
sintering time for the pure KNN-LS ceramics is 20 mins but for Ta doped ceramics it is 
30 mins. The increase of optimum sintering time in case of Ta doped ceramics may be 
attributed to the higher melting point of KTaO3 (~1370
o
C) than the KNbO3 (1039
o
C) 
ceramics [18].  
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7.3.4 0.95[(K0.5Na0.5)Nb0.98V0.06O3]-0.05[LiSbO3] / KNNV6-LS Ceramics 
 
 
 
 
 
 
 
 
 
                                                                                                                                                
 
 
 
 
                    Fig. 7.11 SEM micrographs of MW processed KNNV6-LS Ceramics. 
Fig.7.11 shows the SEM micrographs of KNNV6-LS ceramics sintered at 1010
o
C 
for 10, 20 and 30 mins. It can be seen that liquid phase appears across the grain boundary, 
which may be due to the low melting point of V2O5. It is distinctly observed that the grain 
size becomes smaller with the increase in sintering time. This is because increasing the 
sintering time period facilitates the liquid-phase sintering and improves the nucleation 
rate of the ceramics. Therefore, the grains become smaller with the increase of sintering 
time. It is clear from Fig.7.11 that a few pores exist in the grain boundary for the 
ceramics sintered for 10 mins and the pores are nearly eliminated in ceramics sintered for 
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20 mins. With further increase in sintering time the evaporation of alkali elements takes 
place and more pores appeared across the grain boundary. Fig.7.12 shows the RD of 
KNNV6-LS ceramics as a function of sintering time. The RD of the ceramics sintered for 
10, 20 and 30 mins is found to be ~ 92.4%, 95.1% and 89.4% respectively. The RD of 
KNNV-LS ceramics is found to be lower than the other microwave processed ceramics, 
which may be due to the development of excess liquid phase in the sample (circled in 
Fig.7.9). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.12 Relative density (RD) of KNNV6-LS Ceramics as a function of sintering 
time.   
 
7.4 Dielectric Study 
7.4.1 Temperature Dependent Dielectric Constant (εr)  
Fig.7.13 shows the temperature dependence dielectric constant at various 
frequencies of microwave processed KNN-LS ceramics sintered at 1080
o
C for 20 mins. 
In pure KNN ceramics two phase transitions are observed above room temperature (RT) 
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in the temperature dependent dielectric constant curve behavior. The first one located ~ 
200
o
C is the orthorhombic to tetragonal (TO-T) polymorphic phase transition temperature 
and the second one ~ 420
o
C is called as the ferroelectric to paraelectric phase transition 
(Curie) temperature [19]. In the present case both these phase transition temperatures are 
shifted towards low temperature region with the substitution of Li and Sb in place of 
(K0.5Na0.5) and Nb, respectively.  The TO-T and Tc in microwave processed KNN-LS 
ceramics are observed ~ 44
o
C and 387
 o
C, respectively whereas for the conventionally 
prepared KNN-LS ceramics TO-T and Tc occurs ~ 43
o
C and 385.5
o
C, respectively. The 
value of εr at RT for  the microwave processed KNN-LS ceramics at 10 kHz frequency is 
found to be ~ 960 which is higher than the conventionally prepared ceramics (~ 903). 
This may be due to the combined effect of better microstructure and enhanced bulk 
density in case of microwave processed ceramics [20]. Fig.7.14 shows the temperature 
dependence εr at various frequencies of microwave processed KNA6N-LS ceramics 
sintered at 1080
o
C for 20 mins. The TO-T and Tc of KNA6N-LS ceramics are found to be 
~ 63
o
C
 
and
 
363
o
C respectively, whereas in case of conventionally prepared ceramics 
these two phase transitions occur ~  65
 o
C and 368
 o
C (chapter-6). The RT value of εr at 
10 kHz frequency for microwave processed ceramic is also found to be (~980) higher 
than the same ceramics processed conventionally (~858). Fig.7.15 shows the temperature 
dependence εr at various frequencies of microwave processed KNNT2-LS ceramics 
sintered at 1080
o
C for 30 mins. The TO-T and Tc of KNNT2-LS ceramics are found to be 
~ below RT
 
and
 
377
o
C, respectively, whereas in case of conventionally prepared ceramics 
these two phase transitions occur ~ below RT and 378
oC. The value of εr at RT for 
microwave processed ceramic is also found to be (~1171) higher than the conventional 
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one (~1023). Fig.7.16 shows the temperature dependence εr at various frequencies of 
microwave processed KNNV6-LS ceramics sintered at 1010
o
C for 20 mins. The TO-T and 
Tc of KNNV6-LS ceramics are found to be ~ 82
o
C
 
and
 
348
o
C, respectively, whereas in 
case of conventionally prepared ceramics these two phase transitions occur ~ 87
o
C and 
350
oC. The RT value of εr at 10 kHz frequency for microwave processed ceramic is also 
found to be (~905) higher than the conventional one (~745). The microwave processed 
ceramics are found to possess higher value of εr than the conventionally prepared 
ceramics, which shows the effectiveness of microwave processing over conventional one. 
The values of εr and Tc of conventional and microwave processed ceramics are compared 
in Table-7.1.  
 
      
      Fig.7.13 (a)                                                       Fig.7.11 (b) 
   Fig. 7.13 Temperature variation of εr of KNN-LS ceramics sintered at 1080
o
C  
   for 20 mins. 
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                           Fig.7.14 (a)                         Fig.7.14 (b) 
Fig.7.14 Temperature variation of εr of KNA6N-LS ceramics sintered at 1080
o
C for 
20 mins. 
 
 
 
                  
 
 
 
 
                            Fig.7.15 (a)                                                                   Fig.7.15 (b) 
Fig.7.15 Temperature variation of εr of KNNT2-LS ceramics sinetered at 1080
o
C for 
30 mins. 
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Fig.7.16 (a)                                                               Fig.7.16 (b) 
Fig.7.16 Temperature variation of εr of KNNV6-LS ceramics sintered at 1010
o
C for 
20 mins. 
7.4.2 Temperature Dependent Dielectric Loss (tanδ)  
The temperature dependence of dielectric loss (tanδ) of the microwave processed 
KNN-LS ceramics at various frequencies are shown in Fig.7.17. The dielectric loss of 
this ceramic is found to be much lower than the conventionally prepared ceramics. The 
RT value of tanδ at 10 kHz frequency is found to be ~ 0.031, whereas it is ~ 0.046 in the 
conventionally processed ceramic. The reduction of dielectric loss in MW processed 
ceramics may be due to the effect of microwave heating which reduces the porosity in 
ceramics [21]. The temperature dependence of dielectric loss (tanδ) of the microwave 
processed KNA6N-LS ceramics at various frequencies is shown in Fig.7.18. The value of 
tanδ of these ceramics at RT is also found to be lower than the conventionally prepared 
ceramics. The value of tanδ at 10 kHz frequency is found to be ~ 0.031 whereas the same 
conventionally processed ceramic possess a tanδ value ~ 0.037. This may be again due to 
the increase of bulk density.  The temperature dependence of dielectric loss (tanδ) of the 
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microwave processed KNNT2-LS and KNNV6-LS ceramics at various frequencies are 
shown in Fig.7.19 & Fig.7.20, respectively. The RT value of tanδ at 10 kHz frequency for 
KNNT2-LS and KNNV6-LS ceramics are found to be ~0.028 and ~0.041, respectively. 
These values are lower than the conventionally prepared ceramics. Again, this is due to 
the development of nearly pore free microstructure with better density in the microwave 
processed ceramics. The values of tanδ of conventional and microwave processed 
ceramics are compared in Table-7.1. 
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Fig.7.17 Temperature dependence of dielectric loss (tanδ) of the microwave 
processed KNN-LS ceramics at various frequencies. 
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Fig.7.18 Temperature dependence of dielectric loss (tanδ) of the microwave 
processed KNA6N-LS ceramics at various frequencies. 
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Fig.7.19 Temperature dependence of dielectric loss (tanδ) of the microwave 
processed KNNT2-LS ceramics at various frequencies. 
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Fig.7.20 Temperature dependence of dielectric loss (tanδ) of the microwave 
processed KNNV6-LS ceramics at various frequencies. 
        
 
Table-7.1 Ɛr , tanδ and Tc of Conventional and microwave processed ceramics. 
 
 
Sample 0.95KNN-
0.05LS 
KNNT2-LS KNA6N-LS KNNV6-LS 
MWP CP MWP CP MWP CP MWP CP 
εr 
(10 kHz) 
960±15 903±10 1171±25 1023±20 980±14 858±10 905±15 745±20 
tanδ  
(10 kHz) 
0.031 
±0.002 
0.046 
±0.004 
0.028 
±0.003 
0.038 
±0.005 
0.031 
±0.01 
0.037 
±0.005 
0.041 
±0.002 
0.048 
±0.004 
Tc (
o
C) 387±02 385.5±02 377±01 376±02 363±02 368±02 348±01 350±02 
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7.5 Ferroelectric Properties 
The polarization vs. electrical field (P-E) hysteresis loops of microwave processed 
KNN-LS, KNA6N-LS, KNNT2-LS and KNNV6-LS ceramics are shown in Fig.7.21 (a-
d), respectively. The development of well saturated hysteresis loops in all these ceramics 
confirms the ferroelectric nature of these ceramics. It is found that these microwave 
processed ceramics possess better ferroelectric properties than their conventional counter 
parts. It is known that the ferroelectric properties of any material strongly depend upon its 
microstructural properties. In the present case the microstructural properties of 
microwave processed ceramics are found to be better than the conventionally processed 
ceramics. The detail comparisons between the ferroelectric properties are given in Table-
7.2. Among all the ceramics synthesized by MW processing technique in the present 
work, the microwave processed KNNT2-LS ceramics possess highest value of remnant 
polarization (Pr ~ 30.85 μC/cm
2
) and lowest coercive field (Ec ~ 11.3 kV/cm). It can also 
be seen that the Ec values of microwave processed ceramics are found to be higher than 
the same ceramics processed conventionally, which is attributed to the relatively smaller 
grain size in the former one. It is well known that the coercive filed of a ferroelectric 
material depends on its grain size.  If the grain size is smaller, then the number of grain 
boundaries will be higher which restricts the easy rotation of the domain walls and hence 
increases Ec [22].   
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Fig.7.21 (a) PE-Hysteresis loop of KNN-LS ceramics sintered at 1080
o
C for 20 mins. 
 
 
 
 
 
 
 
 
 
 
 
Fig.7.21 (b) PE-Hysteresis loop of KNA6N-LS ceramics sintered at 1080
o
C for 20 
mins. 
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Fig.7.21 (c) PE-Hysteresis loop of KNNT2-LS ceramics sintered at 1080
o
C for 30 
mins. 
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Fig.7.21 (d) PE-Hysteresis loop of KNNV6-LS ceramics sintered at 1010
o
C for  
20mins.  
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Table-7.2 Comparison between ferroelectric Properties of microwave and 
conventional processed KNN-LS, KNA6N-LS, KNNT2-LS and KNNV6-LS 
ceramics. 
Sample Name Remnant Polarization 
(Pr) μC/cm
2
 
Coercive Field (Ec) 
kV/cm 
MWP CP MWP CP 
KNN-LS 26.40±0.2 18.7±0. 3 14.12±0.4 11.8±0.3 
KNA6N-LS 25.75±0.2 21.9±0.4 11.55±0.3 12.65±0.2 
KNNT2-LS 30.85±0.3 24.65±0.4 11.30±0.3 10.1±0.2 
KNNV6-LS 19.65±0.03 14.6±0.4 17.22±0.3 13.75±0.4 
 
7.6 Piezoelectric Properties 
In the piezoelectric study, microwave processing effect on the piezoelectric 
coefficients (d33), planar mode coupling coefficients (kp) have been studied and 
discussed. Strains induced by the application of external electric field to unpoled samples 
have also been discussed. The comparison between the piezoelectric properties of 
microwave and conventionally processed samples have been made in detail.  
The room temperature (RT) values of piezoelectric-coefficient (d33), mechanical 
quality factor (Qm) and plannar mode coupling coefficients (kp) of all the microwave 
processed ceramics are given in Table-7.3. Microwave processed ceramics possess higher 
values of d33 and kp than the conventionally processed ceramics prepared. This may be 
due to the relatively dense packing and uniform distribution of grains in the microwave 
processed ceramics. Among all the ceramics, the microwave processed KNNT2-LS 
ceramics possess highest piezoelectric properties i.e., d33 ~ 257 pC/N and kp ~ 0.48.  
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Table-7.3 Comparison between the various properties of microwave and 
conventionally processed KNN-LS, KNAN-LS, KNNT-LS and KNNV-LS ceramics. 
 
Sample 0.95KNN-
0.05LS 
KNNT2-LS KNA6N-LS KNNV6-LS 
MWP CP MWP CP MWP CP MWP CP 
d33 
(pC/N) 
236±04 215±05 257±02 252±02 241±05 227±03 143±02 121±02 
kp 0.43 
±0.01 
0.415 
±0.005 
0.48 
±0.005 
0.47 
±0.01 
0.44 
±0.01 
0.425 
±0.01 
0.36 
±0.01 
0.31 
±0.02 
Qm 95±05 71±02 135±03 98±04 110±05 81±03 95±04 112±05 
 
7.6.1 Strain vs. Electric Field (S-E) Loop Study  
Fig.7.22 (a-d) shows the strain-electric field hysteresis loops of the microwave 
processed KNN-LS, KNA6N-LS, KNNT2-LS and KNNV6-LS ceramics sintered at 
optimum conditions. The development of typical butterfly shaped loops in all the 
ceramics confirm the piezoelectric nature of these samples [23]. These (S-E) loops show 
remnant strain with coercive field. The remnant strain indicates that complete domain 
switching may not be taking place in the samples [24]. The hysteresis observed in the 
material is due to the net contribution of domain switching, domain wall motion 
transition caused by the high electric field and electric field induced phase transition [25].
 
The shape of the S-E loop developed in microwave (MW) processed KNN-LS ceramic is 
not symmetrical. Maximum (max.) strain and remnant strain developed in microwave 
processed KNN-LS ceramics are found to be ~ 0.20% and ~ 0.09%, respectively. These 
values are higher than the conventionally synthesized KNN-LS ceramics. The max. strain 
developed in the MWP KNA6N-LS ceramics is found to be 0.18% , whereas the remnant 
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strain is ~ 0.08%, which are also higher than the conventionally prepared KNA6N-LS 
ceramics. In KNNT2-LS ceramics, the max. strain and remnant strain are found to be 
~0.25% and ~ 0.10%, which are again higher than the conventionally prepared KNNT2-
LS ceramics. In case of KNNV6-LS ceramics, abnormal (S-E) loop is developed. The 
max. strain and remnant strain developed here are found to be ~ 0.18% and ~ 0.06%, 
which are also higher than the conventionally prepared KNNV62-LS ceramics. The 
comparison between the max. strain and remnant of microwave processed and 
conventional processed ceramics are given in Table-7.4. The above results confirms that 
the piezoelectric properties of MWP ceramics are found to be better than the 
conventionally prepared ceramics, which can be explained as follows; in general, grain 
size and porosity influence the piezoelectric properties; grain boundaries and pore 
surfaces generate a depolarization field and inhibit domain-wall motion [26]. The 
porosity of MWP ceramics are less in comparison to CP ceramics. The distributions of 
grains are also relatively more uniform in case of MWP ceramics. Therefore, these facts 
facilitate the domain wall motion and enhance the remnant strain in MW processed 
ceramics. The depolarization effect and degree of inhibition of domain-wall motion are 
large for intra grain pores, which is more in case of conventionally processed ceramics. 
Abnormal grain growth in case of CP ceramics also leads to the formation of a duplex 
structure and probably is responsible for the reduction of remnant strain in conventionally 
processed ceramics [27].  
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                                                       Fig.7.22 (a) 
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                   Fig.7.22 (b) 
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                                                                Fig.7. 22 (c) 
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                                                                 Fig.7. 22 (d) 
Fig.7.22 S-E hysteresis loops of (a) KNN-LS ceramics sintered at 1080
o
C for 20 mins 
(b) KNA6N-LS ceramics sintered at 1080
o
C for 20 mins (c) KNNT2-LS ceramics 
sintered at 1080
o
C for 30 mins and (d) KNNV6-LS ceramics sintered at 1010
o
C for 
20 mins. 
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        Table-7.4 Remnant strain and max. strain of MWP and CP ceramics. 
 
Sample 0.95KNN-
0.05LS 
KNNT2-LS KNA6N-LS KNNV6-LS 
MWP CP MWP CP MWP CP MWP CP 
Remnant 
Strain (%) 
0.09 0.07 0.10 0.085 0.09 0.085 0.06 0.046 
Max. 
Strain (%) 
0.20 0.11 0.25 0.20 0.20 0.16 0.18 0.11 
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CHAPTER-8 
Conclusions and Recommendations for Future Work 
8.1 Conclusions 
The major aim of the work presented in this thesis was centered around the 
challenging task of developing new lead-free materials for the piezoelectric applications. 
In the first part, the effect of LS content and poling temperature on the electrical 
properties of the (1-x)[K0.5Na0.5NbO3]-x[LiSbO3] (x=0, 0.04, 0.05 and 0.06)/(KNN-LS) 
ceramics synthesized by CSSR route within the MPB region have been investigated. The 
important results obtained in this part of the work are presented below: 
a) Single perovskite phase formation was confirmed at 850oC calcination temperature 
in all the KNN-LS ceramics. The sintering temperature was optimized to obtain 
dense KNN-LS ceramics. It was found that the optimum sintering temperature 
decreased from 1120
o
C to 1080
 o
C with modification of LS in KNN ceramics. 
b) The structural study revealed the transformation of pure orthorhombic phase to 
tetragonal phase with the increase in LS content. A MPB like behavior was found in 
between 0.06  x  0.04. The RD of the ceramics was found to be maximum for 
x=0.05. 
c) The temperature dependent dielectric study confirmed the decrease of both To-t and 
Tc with the increase in LS content in KNN-LS system. The diffusivity increased 
with the increase in LS content in KNN-LS ceramics. The presence of orthorhombic 
to tetragonal (TO-T) polymorphic phase transition (PPT) ~ 43
o
C in case of 
0.95KNN-0.05LS ceramics further confirms the possibility of the presence of both 
orthorhombic and tetragonal phases at RT. 
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d) Piezoelectric and electromechanical properties were found to be strongly dependent 
on the poling temperature (Tp). Maximum piezoelectric, ferroelectric and 
electromechanical poperties i.e., d33 ~ 215 pc/N, Pr ~ 18.7 µC/cm
2
 and kp ~ 0.415 
have been obtained in 0.95KNN-0.05LS ceramics.  
Even though 0.95KNN-0.05LS ceramic showed better properties, still it is not 
comparable to lead based ceramics. To further improve the electrical properties of 
0.9KNN-0.05LS ceramics, the effect of Ag, Ta and V on the structural and electrical 
properties have been studied in detail. The important results obtained in this part of the 
work are presented below: 
a) 0.95[(K0.5Na0.5)1-xAgxNbO3]-0.05LiSbO3 /(KNAN-LS) ceramics with x=0, 0.02, 
0.04, 0.06 and 0.08 have been synthesized by conventional solid state reaction 
route (CSSR). X-ray diffraction (XRD) analysis confirmed the transformation of 
mixed structure to pure tetragonal structure with the increase in Ag content in 
KNAN-LS ceramics. The Curie temperature (Tc) of the ceramics decreased from 
385.5
o
C to 331
o
C with the increase in silver (Ag) content from x=0 to 0.08. The 
KNAN-LS ceramics with x=0.06 showed better piezoelectric and ferroelectric 
properties (d33 = 227pC/N, kp = 42.5%, Tc = 368
o
C and Pr = 21.9 µC/cm
2
).   
b)  0.95[(K0.5Na0.5)Nb(1-x)TaxO3]-0.05LiSbO3 (KNNT-LS) ceramics with x=0, 0.02, 
0.04, 0.06 and 0.08 have been synthesized by conventional solid state reaction 
route (CSSR). X-ray diffraction (XRD) analysis confirmed the formation of 
mixed phase (tetragonal & orthorhombic) at lower concentration of Ta content in 
KNNT-LS ceramics. The RD as well as the sintering temperature increased with 
the increase in Ta content in KNNT-LS ceramics. Curie temperature (Tc) of the 
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ceramics decreased from 385.5
o
C to 341
o
C with the increase in Ta content from 
x=0 to 0.08 in KNNT-LS ceramics. The optimum electrical properties: 
piezoelectric coefficient (d33) ~ 252 pC/N, plannar mode coupling coefficients 
(kp) ~ 0.47 and remnant polarization (Pr) ~ 24.65 µC/cm
2
 were obtained in the 
KNNT-LS ceramic with x=0.02. The excellent piezoelectric and ferroelectric 
properties of KNNT-LS ceramics, which are comparable to conventional PZT 
ceramics, indicate that these ceramics are promising candidates for lead-free 
piezoelectric applications. 
c) Lead free 0.95[(K0.5Na0.5)Nb(1-x)VxO3]-0.05LiSbO3 (KNNV-LS) ceramics with 
x=0, 0.02, 0.04, 0.06 and 0.08 have been synthesized by conventional solid state 
reaction route (CSSR). X-ray diffraction (XRD) analysis confirmed the formation 
of orthorhombic phase with increase in V content in KNNV-LS ceramics. The 
overall electrical properties were decreased in comparison to the other modified 
ceramics.  
              Finally, 0.95[K0.5Na0.5NbO3]-0.05[LiSbO3], 0.95[(K0.5Na0.5)0.94Ag0.06NbO3]-
0.05LiSbO3 / KNA6N-LS, 0.95[(K0.5Na0.5)Nb0.98Ta0.02O3]-0.05LiSbO3/ KNNT2-LS, 
0.95[(K0.5Na0.5)Nb0.94V0.06O3]-0.05LiSbO3/KNNV6-LS ceramics were also synthesized 
by microwave processing technique It was found that the microwave processed ceramics 
exhibited better ferroelectric and piezoelectric properties, which confirmed the 
effectiveness of microwave processing over the conventional one. Among all the 
microwave processed ceramics, 0.95[(K0.5Na0.5)Nb0.98Ta0.02O3]-0.05LiSbO3 ceramic 
showed maximum ferroelectric and piezoelectric properties i.e., d33~ 257 pC/N, Pr ~ 
30.48, kp ~ 0.48 and remnant strain ~ 0.10% have been reported. The results in this study 
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indicated that the ceramic can be an effective candidate for lead free piezoelectric 
applications. 
8.2 Recommendations for Future Work 
 As per present study, microwave processed 0.95[(K0.5Na0.5)Nb0.98Ta0.02O3]-
0.05LiSbO3 and 0.95[(K0.5Na0.5)0.94Ag0.06NbO3]-0.05LiSbO3 ceramics exhibited better 
electrical properties. The following recommendations are made for the extension of 
present work. 
(1) The processing of these ceramics can be carried out in single mode microwave  
       furnace to study the effect of „E‟ & „H‟ field separately. 
(2) The piezoelectric and ferroelectric properties of the KNN based ceramics are   
        sensitive to the position of TO-T, therefore temperature dependent XRD study 
        should be carried out. 
(3) In order to obtain uniform microstructure and lower the processing temperatures,  
       these ceramics can be synthesized by combustion technique. 
(4) Low temperature dielectric, ferroelectric, resonance as well as piezoelectric  
       measurement should be carried out to identify the position of the TO-T in the  
       ceramics where it is below RT. 
(5) Fatigue characterization should be done to test the stability of the piezoelectric- 
       ferroelectric properties.  
(6) For proper understanding of domains, High resolution transmission electron  
            microscopy (HRTEM) study can be carried out. 
    (7)  Measurement of longitudinal coupling coefficients (kt) 
 
